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METHOD AKD APPARATUa FOR POWEE-fiaN^RATION 

The present invention is a continuation-in-part of 
co-pending U.S. patent applications for: "Heat- 
Generating Method and Apparatus", Serial No. 323,513, 
filed March 13, 1989; "Neutron-Beam Method and 
Apparatus", Serial No. 326,693, filed March 21, 1989; 
"Heat Generating Method and Apparatus", Serial No. 
335,233, filed April 10, 1989; "Heat Generating Method 
and Apparatus", Serial No. 338,879, filed April 14. 1989; 
"Power Generating Method and Apparatus", Serial No. 
339,646, filed April 18, 1989; "Power Generating Method 
and Apparatus", Serial No. 346,079, filed May 2, 1989; 
and "Power Generating Method and Apparatus", Serial No. 
352,478, filed May 16, 1989, which are incorporated 
herein by reference. 

The present invention relates to methods and 
apparatuses for generating heat, neutrons, tritium or 
electrical power, and in one illustration, to an 
apparatus which utilizes heat produced by compressing low 
atomic weight nuclei in a metal lattice under conditions 

which oroduce oyrro<:c hoa^ r%r%e>c*; ui i 

■" ~ r fw**^ J xjivwxva.ji9 nucieair 

fusion. 

An ideal energy source, and one which has been the 
subject of intensive scientific investigation and search 
over at least the past thirty years, would have the 
following properties: 

c 

(a) the source would utilize deuteriun, which is 
available in a virtually inexhaustible amount 
from the oceans; 

(b) The source would produce relatively benign and 
short-lived reaction products; 
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(c) The sourc. would p.odu« substantially nor. 
'"ergy, e.g. in the fo™ of h.at th.„ T 
ener,y Input into th. syste.;!; " ' 

«i) The source could be constructed on a relaf , 
-n.au. even portable scale. "^-'"ely 

Heretofore, no one energy source h;.. 
achieving these Ideals. The possLuitror'"' ^""'^ '° 
aeuteriu„ to energy via nuclear fus rea Mo"::"""' 
dense plasma, usina eitho^ reactions ma 

inertial confine^e" t ^ J^t: IT''"^'"' ^ 
density, temperature and cZ ''^""ary plas-a 

cntrolled plasma fu.ot hl-ltte t^r^ 
intensive worldwide scientific effort T 
possibility Of achieving controLed . 

hlgh-te.perature PUs.alp:ets" ^yt:: ^" = 

for example, Technoi™,, . years away. (s^. 

F e, lecnnology Assessment Report)"!. ' 

In an alternative fusion approach w„ 
catalysed fusion, muons are used to "hi d^^r 
Charge of nuclei (muons bind tightly t! t^ k ""'"^ 
nucleus and neutralise Its positive charge ' 
are drawn close together because of th! h 
"uon, so fusion, by tunneling can occur at'"^ °' '"^ 

low temperature. Thus many of the probr ' "'"'^^^ 
temperature plasma containment wh ch ha?"^°' 
success Of the high-temperature p as„a a " ' 
avoided. However, due to the low' n"." . s''::\" 
events during the lifetime of any given 
unclear at this date whether the method " 
developed to support a self-sustarntg^retti::: " 



35,-^ ^ listing of references for th« 

^5in thas section are found at the end of c numerals 
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The present invention involves an apparatus and 
method for generating energy, neutrons, tritium and/or 
heat as a specific form of energy. The apparatus 
comprises a material such as a metal having a lattice 
structure capable of accumulating isotopic hydrogen atoms 
and means for accumulating isotopic hydrogen atoms in the 
netal to a chemical potential sufficient to induce the 
generation of one or more forms of the previously noted 
energy. 

The sufficient chemical potential is, for example, 
enough to induce generation of an amount of heat greater 
than a joule-heat equivalent used in accumulating the 
isotopic hydrogen atoms in the lattice structure to the 
desired chemical potential, 

A preferred metal is one of group VIII or group 
IVA, palladium being most preferred. Other preferred 
metals include iron, ccbalt, nickel,, ruthenium, rhodiur:, 
osmium, iridium, titanium, zirconium, hafnium or alloys 
thereof. 

During the operation of the apparatus of the 
invention, the charged lattice emits occasional bursts of 
neutrons, and/or" undergoes short-duration periods of 
exceptional heat output. These observations suagest that 
heat-generating fusion events occurring within the 
lattice may include nuclear chain reactions which may be 
stimulated by high-energy particles or rays within or 
applied to the lattice (such as are generated by fusion 
or other nuclear reactions occurring within the lattice) . 
Therefore, one aspect of the present invention involves 
stimulating or enhancing nuclear reactions in the lattice 
by exciting or bombarding the charged lattice with high 
energy rays or particles such as r rays, n or J 




particles, hi,h .„er,y or th«,.aii«d neutrons, or hl-s 
energy protons. ''^ 

fluid'l'" ^■""'^'-t, the apparatus incluc-as a 

" r "V^"'" -urce, and 

.eans for producing isotoplc hydrogen ato.s £ro, said 
source to accumulate in the metal lattice, a preferr- 
.sotcpic hydrogen source is deuterated „ater. The Jluld 
.ay be an agueous solution comprising at least 'one vater- 
mxscib e .sotopic hydrogen solvent component, the metal 

aL th '"^'''^ " '^-o- -lotion, 

and the means for accumulating includes a charge- 
generating source for electrolytically decomposing t-e ' 
solvent component into adsorbed isotopic hydrogen at^os, 
«th accumu atxon of the adsorbed isotopic hydrogen atols 
m the metal lattice. 

for '"'^ P"-nt invention may be used 

for generating electricity by use of heat produced as 
wen Known to those s.iUed in electricity generation. 
Means for transforming heat produced i„ said lattice 
structure to electrical energy includ. o, 
generators such as steam turbines, semiconductor 
thermoelectric devices and thermionic emitters. 

* ""l"^'^ "^""^O" -y also be generated by such 

an apparatus. This would involve a reactor comprisL a 
metal hav.ng a crystal lattice structure capable of 
accumulating isotopic hydrogen atoms and which has 
isotopic hydrogen atoms accumulated in its lattice 
structure to a chemical potential sufficient to induce 
neu ron-generatin, events, as evidenced by the production 
Of thermal neutrons, said chemical potential being at 
least about 0.5 ev when compared to a chemical potent-,, 
Of isotopic hydrogen atoms i„ the metal lattice 
equilibrated with the isotopic hydrogen at standard 
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pressure; and means such as a diverges. t-tTeutron 
collimator, for example, for collimating at least a 
portion of the thermal neutrons produced in the reactor 
into a thermal neutron beam. Thermal neutron radiography 
of a target material may also be performed, using 
recording means positioned to receive neutrons which pass 
through target material in the thermal neutron beam. 
Recording means includes a converter to capture neutrons 
and emit capture-dependent radiation, and a film 
sensitive to said radiation. Neutron capture gamma-ray 
spectroscopy of a target material, may also be used by 
including means for measuring gamma-ray spectra produced 
upon neutron capture by the material... Neutron scatter inc 
analysis of a target material, which includes a neutron 
detector for measuring distribution of scattered neutrons 
at angles different from that of the beam directed as to 
the target material is also an aspect of the present 
invention. 



The apparatus of the present invention may be in an 
arrangement where said metal is formed as a series of 
stacked membranes in an electrolytic cell, where pairs of 
membranes partition the cell into a series of closed 
electrolytic compartments. 

Where the charge-generating source is electrolytic, 
the metal is a cathode and the electrolytic decomposing 
is carried out preferably at a current of 2-2000 nA cm"^ 
of cathode surface area, although higher current levels 
up to about 10,000 mA cm'^ and even higher can be used in 
certain applications. 

In certain embodiments the fluid with the isotcpic 
hydrogen atom source may comprise a catalytic poison 
effective to block catalytic evolution of gases 
consisting of hydrogen isotopes. The fluid may also 
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co«,prise lithiun deuteroxide anC/^ t ..- 

fuse. .«al .y.Z:T, T l"''^'''^ ana t.e 

. =he.i«l potential "i"-"^' -■'^en a 

-tax lattica o ' " - = 

attxce Of at least about o 5 *»v 

this embodiment a preferred . h ^" 

panadi.., nic.:./::: btT:r:.r ^ ^-^^^^ 

source Of isotopic .,..o.en atoj .rf 7u:;"^^^^' 
deuteride, sodium deuteride nn^ • ^^thaum 
mixtures thereof " , ^' P^^^^^^""' deuteride or 

particulate met; svst "''"^ °' '^^^^"^ 

metal system includes heatinrr ^K 

a hl,h e„er,y heat source u„.er coni- 

P-^uce the Chemical potential oTat IZTT 

- less than about l „ second. 

one o:::a:L";::r "."^ ""-"^ - 

-«ce such, as .e^: a eT .t^'^r^^ 

tritlated water. ordinary water, or 

In certain embodiments preferr.rt ' . , 
palladium. rhodi„„, rutheniu:, I u^ t r.^^^^ 
^.rconiu™ or alloys containing fernionic 
those metals. The metal of tL "°t°PCs of 

also be a composite of „ . JTj"'""" "'^ 

group consisting o( palladi, =«'=oted from the 

• ... palladium, rhodiun r„m« • 

iridium, osmium, nickel, cobalt i," 

titanium, platinum, hafnium, and an 

' ^"^ alloys thereof, and a 
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thin metal film upon said substrate of palladium, 
rhodium, ruthenium, iridium, zirconium, or' alloys 
thereof. Alternatively, the metal may be a thin film 
layered on a composite of a substrate unable to 
accumulate isotopic hydrogen atoms to an extent inducing 
fusion reactions. Such a thin metal film has a preferred 
thickness of about 50-500 A, although thicker films might 
be suitable. 



Means for transforming heat to electricity include a 
steam-powered turbine or an electrical generator, and a 
heat transfer system for transferring heat from the heat 
source to a turbine or electrical generator. This means 
for transforming may also be a semiconductor 
thermoelectric device or utilize a thermionic emitter 
device. 

The present invention also includes methods of 
generating heat and neutrons, as well as producing 
electricity or performing work. These methods comprise 
the steps of: (a) contacting a material (preferably a 
group VIII or IV a metal) having a lattice structure 
capable of accumulating isotopic hydrogen atoms, with a 
fluid comprising an isotopic hydrogen atom source; and 
(b) inducing accumulation of isotopic hydrogen atoms in 
the lattice stiMcture to achieve a concentration therein 
sufficient to cause heat or neutron generation. The 
achieved concentration of isotopic hydrogen atoms may be 
characterized by having a chemical potential of at least 
about 0.5 eV. The isotopic hydrogen atom source is at 
least one of water, deuterated water and tritiated water. 
In one preferred embodiment stop (b) involves 
electrochemical decomposition of the isotopic hydrogen 
atom source and electrolytic compression of isotopic 
hydrogen atoms into the lattice structure. 
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overea by known processes for comercial ■ 



As a nethod of producing electricitv fK 
r^rther comprises utiUzin, 'eneratld"e« T 
euctricu. .,rio„s "ex!-Low„tl ",s a'^rd" , 
performing work, t.e „et^od further comprises I re 

SUrn ren"" """" « ^ 

Stirling engine, for example. 

Step (b) Of these n,ethods involve eneray inn«^ 

carried out at a current of between aLuM '"' " 
-00 ^ c.-^ catHode surface ar^ror 

density levels a= ^ ^^^^ current 

y ^eveis, as indicated previousiv 
embodiment, fho . I ^i°"sly. In a preferred 

present ^Z^^-- T^^ZTZ:! ^ 
to re.ove surface ,nd near-surface I u ie:\;:::"" 
anhibit capability of the metal t„ 

..arogen at;„s. .be metal L altt^terr"" 

at least a portion of any previousiv L I 

atoms. The treating incLes surfac 

^otal segment to remove a supe L I '"rt^"'"' °' 

t.e surface machining may be^ol ZZZ^T"^' 

to remove machining residue Th. ^ abrasion step 

involves one or both of heaUnc d " ' "-'--"y 

a partial vacucm. ' '° " 

As a method for vrodvni^r. 



s 

generated neutrons into a neutron beam. As a method of 
neutron-beam analysis of a target material this method 
comprises the steps of: (d) collimating at least a 
portion of neutrons produced by the. reactor to form a 
neutron beam; (e) directing the neutron beam at the 
target material; and (f) measuring physical events which 
are produced by directing the beam onto the material. 

Figure I-IA shows a cubic face-centered crystal 
structure in the lattice of a metal, such as palladium, 
used in the present invention; 

Figure I-IB shows the expanded beta form of the 
lattice, and diffusion of an isotopic hydrogen atom into 
the lattice; 

Figure 1-2 schematically shows one embodiment of an 
electrolytic cell for compressing isotopic hydrogen 
nuclei into che lattice of a metal rod; 

Figure 1-3 schematically shows an embodiment of an 
electrolytic cell having a bipolar cell stack in a cell- 
pressed configuration, for compressing isotopic hydrogen 
nuclei, such as deuterons, into the lattice of a metal; 

Figure 1-4 "schematically illustrates an alternate 
method for achieving electrolytic compression of isotopi 
hydrogen atoms in a metal lattice; 

t 

Figure 1-5 schematically illustrates d thin-film 
palladium electrode constructed for use in the invention 

Figure 1-6 schematically illustrates a palladium 
coated electrode constructed for use in the invention; 
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Figure 1-7 s^ows frh«» 

Shown m Figure 1-2; 

-nerlrwMlt^:^^^^^^^^^^^ o. a stea. .^iven 

-y to utiUee the ener; tT 17"'"^" °^ 
present invention. ''^^^^^^ f^O"* the 

Figure 1-9 schematically in^.^ . 
recovering tritiun,. ^^^ustrates a system for 

Figure 11-5 is a cross-section., 
a neutron-beam generator construct ' "''"''^ "^^'^ °^ 
embodiment of the invention; ^^--^^n^ to one 

Figure Il-e is a schematic view . 
apparatus designed for neutron r J ^ "^^tron-bean 

one embodiment of the invention; "^^^^^-^ - 

Figure is a schematic view of 

apparatus designed for neutron scatte ' 

-.-.o, according to another emboH • "^"^acticn 
invention; and ^'ni'odiment of the 

Figure l.^-a is a schematic view . 
apparatus designed for neutron canT ' """^^°"-bean 
spectroscopy, according to anoth y 
invention; another embodiment of the 

Figure lii-i shows a sinal 
calorimeter cell. ^o^ipartment vacuun Oevar- 

Figure III-2A shows a ^,<k 
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Figure III-2B shows a schematic of circuit for high 
stabilization of a regulated power supply used as a high 
output current galvanostat. 

Figure III-3A. shows the temperature above bath vs. 
tine (upper) and cell potential vs. time data (lover) fr- 
a 0.4 X 10 cm Pd rod in O.liJ LiOD solution. The applied 
c-jrrent was 800 biA, the bath temperature was 29.87'c, and 
the estimated was 0.158 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.45 x 10«s after the beginning of the 
experiment. 

Figure III-3B is the same as Figure III-3A except 
time of measurement approximately 0.89 x 10*s. Estimated 
= 0.178 W. 

Figure III-3C is the same as Figure III-3A except 
time of measurement approximately 1.32 x 's. Estimated Q 
= 0.372 W. ^ 



Figure III-4A shows the temperature above bath vs. 
time (upper) and cell potential vs. time data (lower) for 
a 0.2 X 10 cm Pd rod in O.l M LiOD solution. The applied 
current was 800 mA, the bath temperature was 29.9o'c. and 
the estimated was 0.736 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.28 x 10«s after the beginning of the 
experiment. ^ 

Figure III-4B is the same as Figure III-4A except 
tine of measurement approximately 0.54 x lo*s. Estimated 
= 0.888W. 
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Figure III-4C ic: vk„ 

-^-i I*- as the same as Fiaure ttt a?. 

time of measurement ^r„.^« • . ^^^^^re III-4A except 

utement approximately 1 32 v in* 
Qf = 1.534 W. ^° ^' Estisiated 

Figure II1.5A Shows cell temperature vs ^• 
(upper) and cell potential v. ^ 

Figure 1II-5B Shows cell temperature vs ti.e 
(upper) and cell potential vs ti»e n 

0- x 1.2s c. pa roa exectroae T.Zl "'"^ ' 

current density 54 cn- bath " . 

TMs is a ai„erent ceil ^ha' that T" 
5A. ^l"""" i" figure Ill- 

Figure IH-6A shows the rat. 

generation as a function o. t e . IITZT'^' 
III-5A. ^ ^^^^ in Figure. 



Figure III-6B shows the rat^ of 

generation as a .„.tio„ o. tlir^o" ZTZ:"''''^^ 
111-5B. ' ^c-i-j. in Fiaure 



Figure III-7A shows total specific 

output as a function of time for h :l^"'^'"^^'^' 
5A. ^^ii m Figure in- 

Figure III-tb illustrates total 
energy output as a function of tLe f " 
Figure III-5B. ^ ^"'^ in 

Figure Ili-e shows the coll to. 
Plot for a 0.4 X 1.25 cn Pd el ^i-e 

period during which the' cell weTto^'V''" ' 

•'env. to boilina. 
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Figure III-9 is a Log-log plot (excess enthalpy vs 
current density) of the data in Tables III-3 and liL 
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According to one aspect of the invention, it has 
been axscovered that isotopic hydrogen ato.s, such as and 
preferably deuterium atcns, when accumulated in the 
lattice Of metals which are capable of dissolving 
hydrogen, can achieve a compression and mobility in the 
lattxce Which are sufficient to produce heat-generating 
events within the metal lattice which are believed to be 
fusion-related, as evidenced both by the amount and 
duration of heat released from the lattice, and by the 
generation of nuclear fusion products. These heat- 
generating events may be associated with neutron and 
tritium production, and perhaps other nuclear reaction 
products. ^. 

section I describes materials and conditions 
suitable for achieving the required conditions for heat- 
generating or neutron-producing events within a netal 
lattice. 



section II describes the generation and use of 
neutrons according to the present invention. 

Section in describes a detailed analysis of 
conditions and events relating to heat and neutron 
production according to the present invention. 

SECTION I 



A . Metal Lattice 
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Metals and metal alloys which 

a.=solvi„, hydrogen In the .etal Xatt °' 
electrolytic decc,»positlcn of hvV " 
"yarcn. ,a, adsorption crtl ::"" ° 
l«tice surface, and (li", 1,^ °" 
the iattic. ' ^"fusxon of the ato„s into 



compressed into the netal lattice rt hl^ 

e.,.. near Hydride saturation, ^a, ^3^'-™"""-- 

lattice should be capable of swelT? ""^ 

an increasing concentration of isot " ^= 

nas z:: et^L'idTn'a'L:: 

-"ned herein to inc u ! a^^Lt::/^ 
-tax doped With selected i^:: " 

Mueller el ai.<'), r„„ al T f.', "'"P'^' 

^a.'". and Ba.ba.adl;..f ■ ^"''^P"! 

, • these, the ornnr, 

...ww^^o, „na particularlv nan^H^ — --r- .^-x 

iridium. os„iu.. nicex' c b 

thereof, such as P.Uad u™ s L^^^":';?: ^""^'^ 
elloys, are favored as .„ IJ PaHadium/ceriun. 
titanium. .irc„„i„„; and hafn":.'""" ""^'^ 

The group VIII „etals have cuhi.. . 
lattice structures as iUustrrt . 
diffusion Of isotopic ydro' " 
the lattice is able to Idcp! '^^''^ 
acco».odates a high concent a Ln^rrd^Iff""^ 
the lattice, and effectiv., "'"used aton,s into 

and cracUng. P"-nts localized strain 



With 
which 
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one possible mechanism for the nuclear-fusion events 
which are believed to occur within a metal lattice 
Charged with isotopic hydrogen involves a correlation 
between the valence electrons in the metal lattice and 
pairs Of isotopic hydrogen which allows the hydrogen- 
atom pairs to become more localized and therefore more 
likely to fuse. Fusion occurring according to this 
mechanism may be favored by fermionic metals, i^ 
metals characterized by n(l/2) spin states. 'Exemplary 
fermionic metals would include titanium isotopes "xi 
and "Ti^, (together making up about 13% of the naturally 
occurring Ti nuclides) , «Pd,,, (making up about 22 
percent of the naturally occurring Pd nuclides), "co 
^making up^ioo% of naturally occurring Co nuclides), " 

Ru„ and "RUjoj (together making up about 30% of the 
naturally occurring nuclides) , «Rh^„ („,aking ud 100% of 
naturally occurring Rh nuclides) , "ir,„ (making up about 
63% of the naturally occurring Ir nuclides), and '^Pt 
(making up about 33.8% of the naturally occurring Pt 
nuclides) . 

Naturally occurring palladium may be particularly 
favorable, since the "pd,,^ isotope has a relatively 
large neutron cross section compared with other major 
isotopes present in naturally occurring Pd. Naturally 
occurring rhodium is also expected to provide a highly 
favorable lattice. 

As will be appreciated below, the metal lattice 
should also have (or be treated to have) surface 
properties which are favorable to charging with isotopic 
hydrogen atoms. Where the metal is charged by 
electrochemical decomposition of isotopic hydrogen water 
as described below, the surface should favor the 
electrolytic formation of atonic isotopic hydrogen at the 

.-^tiVr PUCCT 



lattice surface, and also favor efficient absorption ^f 
the atomic isotopic hydrogen into the lattice. The 
latter requirement will be defeated in certain metals 
such as platinum, whose surface efficiently catalyses 
conversion of atomic isotopic hydrogen to molecular gas, 
at the expense of absorption into the lattice. 

For this reason, and as will be readily appreciated 
by those Of s3cill in the art, metals such as piatinu.. 
Which otherwise might provide a favorable metal latti-e 
environment for isotopic hydrogen fusion, may be 
unsuitable, .s will be discussed below, the problem of 
molecular hydrogen gas formation at the lattice surface 
can be minimized by the use of catalytic poisons, thus^ 
making usable otherwise potentially unusable metals. 

impurities, such as platinum, in a bulk-phase me.al 
such as palladium, may also inhibit isotopic hydrogen 

torn charging of the lattice, by promoting molecular cas 
formation at the expense of hydrogen atom absorption.' x. 
this regard, it is known that many metal impurities te^d' 
to migrate to the surface of a metal uHo. k.,... 
temperature for casting or annealing. Per this reason 
metals such as palladium which have been forned bv ' 
casting or annealing may have significant platinun 
ampurities- at their surface regions, and may therefore 
Show relatively poor charging efficiency. conversely a 
son lattice formed by casting or annealing, follow d v 
machining or the like to remove outer surface regions 
would have relatively low surface impurities. The 
nachined lattice may be further treated, such as with 
abrasives, to remove possible surfSce contaminants f^^. 
the machining process. Such methods for reducing ^' 
L-npurities in a metal lattice are known. 
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As will be seen from below, a feature «hich is 
believed to be important in the invention is charging a 
metal lattice to a high accumulation of isotopic hydrogen 
atoms, particularly deuterium. In metals such as 
palladium which are known to undergo significant 
hydriding (with ordinary hydrogen) over time (e^. , 
Veziroglu(^>, Ron et al.<'>, Mueller et al.<2)), it 'is 
therefore desirable to remove at least a portion of the 
ordinary hydrogen present in the lattice prior to 
charging, sinqe this preexisting hydrogen may limit the 
available hydride sites in the lattice. Most preferably, 
all of the hydrogen should be removed. Methods for 
removing or desorbing hydrogen from a metal lattice, such 
as by melting and cooling, or vacuum degassing are .known. 

Figure I-IB illustrates a Pd-D (palladium-deuteriun) 
lattice, showing deuterium nuclei moving freely into and 
out of a cell. Although the correct description of the 
palladium/isotopic hydrogen atom system is still 
uncertain, experiments performed in support of the 
present invention, in conjunction with subsequent 
experiments reported by others, indicate the following 
features: 



1. The isotopic hydrogen atoms are highly mobile, 
with a diffusion coefficient for deuterium, D., of about 
10"' 

cm-'s at about lOO" K. This feature has been deduced in 
part from the measured electrolytic separation factor S 
for hydrogen and deuterium, which shows that S varies 
with potential and approaches a limiting value of 9.5, 
indicating that the atcmic species in the lattice are' so 
loosely bound as to behave as three-dimensional classical 
vibrators. 



™- ^"t°Pi<= hydrogen atoms exist as nuclei, 
S^.. deuterons ,D., in the lattice, as evidenced by 
" °' in - electric f.eld. The 

electron ,ro» each isotopic hydrogen nuclei is presumed 
o .e elocalized in the band structure o. the LtaT 



3. It xs possible to accumulate enough isotopic 
hydrogen atoms in the lattice to raise the chemical 

metal T:"' '"""^ ""'"^"^ ^"-"=1 °' th 

«and T ^^"''^ i-'°P- hydrogen atoms at 

standard pressure (i^., without input of energy,. 

4. Although the repulsive potential ot t.le 
.sotopic hydrogen nuclei is shielded to some extent by 
electrons xn the metal lattice, it is unlikely that 
molecular isotopic hydrogen, o,. is formed, due to 

rurth^r l-^'T"'^ °' -erunctions. 
Further, formation of hydrogen-isotope gas in the la—c 
has not been observed. la^-ic 

The metal should be a solid form, i e i„ . 
of a solid rod, sheet or th. . v ' • ">e for:, 

' '"^ "hen the lattice 's 

to be charged by electrolysis, as described in Sectio,; I 
below. Alternatively, the metal m^v k ■ =^='1°" I 

y, tne metal may be in thin-film 

for™ as described in section IE below, or in powdered c 
small particle form, such as when the lattice L to be 
Charged by heating in the presence of metal hydrides Is 
described in Section ID. The anode should be unif". ! 
spaced from the cathode in any of these configurot I 
order to achieve uniform charging. " 
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B. Electrolytic Compression 

Figure 1-2 shows an electrolytic cell or system 10 
for electrolytically charging a metal lattice with 
isotopic hydrogen atoms. As defined herein, "charging" 
means concentrating isotopic hydrogen atoms into a metal 
lattice. The charging process is also described as 
"compressing" isotopic hydrogen atoms into the lattice cr 
accumulating said atoms therein. As will be seen, the 
charging or concentrating process must be capable of 
concentrating isotopic hydrogen atoms into the lattice to 
a concentration significantly above the concentration of 
the hydrogen atoms in a metal hydride equilibrated at 
standard pressure (1. Bar at 273**K) . 

In the electrolytic charging process illustrated in 
Figure 1-2, ^ an. aqueous solution of isotopic hydrogen 
water is electrolytically decomposed to form isotopic 
hydrogen atoms, including (designated ^^H, or H) , 
deuterium atoms (designated ^^H or or D) , and tritiun 
atoms (designated -^^H or ''t or T) , and preferably 
deuterium alone or in combination with ordinary hydrogen 
and/or tritium. The invention also contemplates loading 
of lithium atoms into the lattice, either alone or 
preferably in combination with isotopic hydrogen atoms, 
to achieve nuclear fusion reactions involving lithium 
nuclei, such as neutron interactions with lithium nuclei 
within the lattice to produce tritium. Suitable sources 
of lithium for charging are given below. 

The component which is decomposed to produce the 
isotopic hydrogen atoms is al3o referred to herein as the 
isotopic hydrogen atom source. One preferred source is 
an electrolyte solution of deuterated water, or an 
electrolyte solution of deuterated water containing 
ordinary water and/or tritiated water, containing an 




viiRSTlTOIE SHE! 



-20- . 

'i Vi 



1 

electrolyte such as LiOD or Li cc,_ 1 

varietv . ^ ^^z-Ojr tor example. a 

electrolytic decomposition t-o 

The electrolytic source preferahi« • , 
ordinary water to heavy water at a rat r '^^^'^ 
0.5% ordinary water t799 5% / / °' ^^-'^ 

water. • deuterium and/or tritiated 

Alternatively, the source of • 

any combination of the three i„ »ol„ rat °' 
the ration of ordinary hy.ro,en nuclei"': ^ 
lattice to the total aeuteril ..clT 

tritiu. nuclei ,tritons, is Pr.f.r.llyT.ZTl 

to 1:5. ' Between about 5:i 

A variety of non-aqueous solvents n,av also 
suitable sources of hho ^ ^ • ' ° Provide 

solvents «o„s. These 

- ^...,x«ut- xsocopic hydroqen atom ^« 

as deuteratea and/or tritiated alcohols ace o„:" 
other nitriles, forna.ide. other abides Lra! 
Pyridlne,s,, .etal i„„s. anions, si'n'le r.no 
aUenes. aUanes, polynuclear arcatlcs he! 
iS.X.O function, and other co„p„„nds lich"^'" 
reductive deccposition to yield isL 

=uch as hydrogen sulfide 3n:^te:t "hT """^ 

solvents „ay be diluted or suspended in / 
containin, either non-isotopic or Isc ""''''^ 
"her solute components .s LntLed"::::;"" 

The source fluid nay also in^i 

-Mch functions to poison the c t to'^ "^"^ 

^"^•iij ^.c surraco of the 
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cathode, to prevent reaction of surface bound isotopic 
hydrogen atoms with isotopic water, to form molecular 
isotopic hydrogen gas. a variety of compounds which are 
effective to inhibit the catalytic formation of molecula: 
hydrogen on a metal surface are well known. These 
include a number of sulfur-containing compounds, such as 
thiourea or hydrogen sulfide, as well as cyanide salts 
and the like and are added to the fluid in amounts 
effective to preferentially inhibit molecular gas 
formation on the lattice surface during electrolysis. 
Concentrations of catalytic poisons which are effective 
in electrolyte solutions are known. Components to 
enhance electrolytic activity such as lithium sulfate na-. 
also be added. 



The system may further include a non-submerged 
heating or catalytic element (not shown) which can be 
heated to promote catalytic recombination of molecular 
isotopic hydrogen, such as (formed at the cathode) a.-.c 

(formed at the anode) to regenerate isotopic water. 
It is additionally possible to have a submerged catalytic 

anode to serve this same nnrr»r.cQ .. .. 

c — I , i-"*- >--i-v-<-tj.ai xy wnen tne 

system is infused with deuterium gas (Dj) . 

As shown in Figure 1-2, the aqueous source of 
isotopic hydrogen is in a container 14, which is 
preferably sealed, to recapture material, such as 
molecular isotopic hydrogen, which may be generated 
during electrolysis. The cathode or nega'tive electrode 
in the system is formed by a metal rod 16 whose lattice 
is to be charged with isotopic hydrogen atoms. As 
indicated above, the cathode may be a block in the forn 
of a plate, rod, tube, rolled or planar sheet, or the' 
like, or an electrode having a thin-film netal lattice 
as detailed in Section ID. As will bo appreciated belcv, 
the Shape and volume of t.he cathode will dctornine the 
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sue- K«i • , ^^^^ Within the contc^ne- 

sue. as helical wiri» in ^ . ^>-"'i-<-_ne. , 

expected to produce a °"i,T ^ " " " 

Plati„„„, nickel, or carbon, which itseif d!e/ , 
with the liquid conponents in th. ! "° 
undesired reactions container to produce 

A charge-generator source 3n i„ »k 
connected conventionally to elects Les 
desired electrolytic deco.pos tloT ^ " 
steady direct current (D c , n = 

alternatively an L . °- 

■ivexy, an intermittent or pulsed n r k 
current source. pu-isea d.c. charge or 

The source tvoicaiiw i,. 
densitv Of " !° ""^-^ a current 

r.is ^ini^u^cu™;;":::/"'::' 

desired .inal che.ical potentTal 0^"^ " ^^"^'^ 
-o„s in the ^eeal lattice. r ,err d 
--ee„ ahout . and .00 ^./c^^ aUHl^r:;:" 
currents may be used ;,nr4 » higher 
jr usea and may actual! v k~ 

larger cathodes or with „ore conductive T 

""las. ror example, current levels I ItT"''''" 

.0.000 ^,c»' or higher „ight be used ! cer" " 

applications, ir the current is set tlo h 

the diausion ra.e o, isotopic Hydrogen a . """^"^^ 

»=tal lattice .ay becone rate lllitino k 

system towards .„r„at.on 01 „o lec" r ' ""^ 

Which lowers the o.ricioncy o hea ! """''^ 

J oi neat generation in the 



^iir?:titiitf .^hfft 



system. A stepwise electrolyte charging of the cathode, 
as illustrated in subsequent Sections, may be useful in 
avoiding the rate limiting effect particularly at 
increased current densities. 

In a charging operation to accumulate isotopic 
hydrogen atoms, the source fluid is placed into the 
container 14 to a level which submerges the electrodes, 
and the charge-generating source is initiated by being 
set to a desirable current level. The total required run 
time for a metal lattice of known dimensions can be 
generally determined from the above diffusion coefficient 
of about 10"^ cm~^ for hydrogen and isotopic hydrogen in 
the metal. Typically, for a metal rod whose diameter is 
in the mm range, run times of from several hours to 
several days may be required to reach the desired 
chemical potentials. For rods whose diameters are in the 
cm range, run times of up to several months or longer may 
be required. An example for charging is to charge a 
cathode at a relatively low current level of about 64 
mA/cm^ for about 5 diffusional relaxation times and then 
to increase the current to a level of 128, 256, 512 
mA/cm^ or higher in order to facilitate the heat 
generating events as is suggested by Table A6-1 in 
Section III. It has been found that the charging time 
(which varies at different cathode temperatures) 
generally follows the equation: 

time = 5 (radius)^ 

diffusion coefficient 

thus, for a 0.2 cn radius palladium rod, the time needed 
for sufficient charging to initiate . heat generation is: 
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5f0 2 rm)^ 

10"' era-' sec"^ 
20 days 



The charging of the metal, i^. , electrolytic 
compression of isotopic hydrogen in the netal lattice is 
carried out to a final chemical potential of isoto L 

toT r/'^ '° — lation/compression of 

isotopic hydrogen nuclei in the lattice, which is 

sufficient to produce a desired level of ho,i- 

^ . ■••'■cu xevei Of neat-generatino 

events within the metal lattice, as evidenced both hv the 
amount and duration of heat generated within the latUce 
and, Where the isotopic hydrogen is deuterium, by the ' 
generation of nuclear fusion products such „ . 
and tritium. ' neutrons 

Preferably the metal is charged to a chemical 

potential of metal hydride equilibrated at standard 
pressure (i bar at 273' K) i^. without eneroy input 
specifically, the chemical potential of the charged " 
cathode metal is determined against a reference wire cf 
the same metal, e^., palladium, which has been charced 
e ectrolytically with the same isotopic hydrogen 
then allowed to equilibrate at standard pressure (x 

0.6 atoms of isotopic hydrogen per metal aton at 

equilibrium. The chemical potential i.^ rt«^ 

1.. F"<-entiai xs determined frcn 

the voltage potential neasured between tho k 

potent 31 expressed in election volts „v, is ,eneral.y 
equivalent to the measured voltage potentiol ■ i e a 
measured 0.5V generally translates to a 0.5 ^v^^enical 
potential, u will also be recognised that the c.hcn i 
potential required to Produce heat-,eneratin, even::::^ 
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depend on the metal being charged. Therefore, some 
metals, e^., zirconium, may produce such events at 
different, perhaps lower, chemical potentials. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the system 
described above will be considered with respect to an 
alkaline solution of heavy water as a deuterium source. 
Below are shown the four reaction steps which must be 
considered when D^O is reduced at the cathode: 

DjO + e - D.^^ + OD- (i) 

^ad. + e- - + OD" (ii) 

^•ds -* ^lattice (iii) 

^ads + Dads ^2 (iv) 



ads indicates adsorbed deuterium atoms, and D 

lattice 



Where D 

indicates deuterium diffused into the lattice. 



At potentials more negative than +50 mV (referenced 
to a reversible hydrogen electrode) with the Pd-D lattice 
is in the beta (/J) phase, deuterium is in the form of 
isotopic protons and is highly mobile. 

The overall reaction path of evolution consists 
dominantly of steps (i) and (ii) so that the chemical 
potential of dissolved D* is normally dete^;mined by the 
relative rates of these two steps. The establishment of 
negative bverpotentials on the outgoing interface of some 
metal electrodes for hydrogen discharge at the ongoing 
interface (determined by the balance of all the steps (i) 
to (iv)) demonstrates that the chemical potential can be 
raised to high values; chemical potentials as high as O.S 
ev can be achieved using palladium diffusion tubes (2.0 
eV cr higher nay be achievable) . 
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Figure 1-3 is a schen,atic view of . 
system or cell 24 having, k- electrolytic 

filter-pressed T T ^"^^ ^^-'^^ i-- a 

. Passed configuration, a cell con^- • 

provided With a series of h electrode T'"'' 
membranes 28, 30 22 . ^^^ctrode membranes, such as 

charged by electr.«i«*. • lattice is to be 

-e-branes „e preferably closer"! ^ The 

- xixe. ..cH-^ej^e : . : « -"-1- 

.a, .Bb associate, with .e.bra„e .a o":' " 
^-sxpa..„, .eat ,e„erate. 1„ the Me^bran^s 

The membranes are ioinori w 
the container alon, their top b T"^ '° °^ 
anC thus partition the lnterr;r1rth": 

Closed compartments, such as container into Ntl 

the left side of the co^ta ""P^tment 34 between 

^i. tne container in l-ho ^< 

23, the compartment 35 between membran 

compartment 38 between the .embl! !:\^,"'. 

oz the container in the figure. ''''^ '"'^''^ ^^^^ 

A valve-controlled conduit 4n . 
compartment 34 for fiiii„ T '^""^"nicates with 

and for ^n^^ trmtt^rirb"" 
operation, a conduit manl old „ ell " 
compartments other than compartment^TTh""" 
<not Shown, one for each compartmen "'^^'^^ 
Chamber with source llcui^ . " ''"'"9 "ch 

each Chamber durln, oper^io: ^ 

The electrolytic driving force in tK 
provided by an anode 48 a„H ° ' = 

opposite end walls of the ' " 
ixs Of the container 

charge-generator source -4 ''"'^ ^ 

" -4 connecting these two 
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electrodes. The electrodes may be any suitable electrode 
material. Preferably, the anode is platinum or carbon, 
and the cathode is palladium. The charge-generator 
source is designed to produce a current between the 
electrodes of preferably between about 2 and 2000 mA/cn^ 
(total area of the membranes), as above. 

A series of limiter circuits, such as circuit 46, 
one for each pair of membranes, such as membranes 28, 30, 
function during operation of the cell to equalize the 
currents in adjacent compartments, for a purpose to be 
described. Such limiter circuits are known in bipolar 
cell stack electrolytic cell circuits. 

In operation, each compartment is filled with the 
source fluid., such as lithium deuteroxide (LiOD) and 
ordinary water in D^O, and the current in the cell is 
adjusted to a suitable level. As indicated in the 
Figure, the voltage potential across the anode and 
cathode is distributed, in a series configuration, across 
each membrane, so that the left side of each membrane is 
negatively charged with respect to the immediately 
confronting anode or membrane surface, and the right side 
of each membrane is positively charged with respect to 
the immediately confronting membrane surface or cathode. 
Thus each compartment functions as an electrolytic cell 
in which the solvent source of isotopic hydrogens is 
electrolytically decomposed at one membrane surface to 
form isotopic hydrogen atoms which can thfen diffuse into 
that membrane. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the stacked- 
cell system will be considered, as in the Figure 1-2 
electrolytic cell, with respect to an alkaline solution 
of heavy water as a deuterium source, and the four 
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reactions which can contribute to d com. 

membranes: compression in the 



''ad. + D^O + e" ^ + OD- 
^•d. ''l.ttlce (iii) 

(iv, 



(i) 
(ii) 



Reaction (i) occurs at the riaht r„ 
-™.rane in each compartment, ,iv n. r se^^ "^'"'^^^ 

to av, in the membrane, !na t! O ' sptjrr:::: 
compartment. Because D, ato»« • 

into and throuoh w ° ^® drawn 

tnrough the membrane toward the 
ceU Ci^ catho.^ the 

^^ttn :::;rnT" ^ — 

Which can th P"^— ^ e 

whzch can then react with the OD" formed in the mi'!% . 

to compartnent. Alternatively,, the D 

in the co.oartrnent via . '"^ ""^^ 

- ^-^a reaction (iv) to fom n 

the compartment. The ch.. ' 

an or the Plates are fu^ZJZ:^ ' ^"^^^^ 

AS indicated above, the lintiter circuit. . 
equalize the current in each compartment t 
appreciated that by maintaining the current 

compartment substantially equal th. • ^^"^"^ 

^ ' the amount of n e 
one compartment .„d dr=„„ through 'the mens *- " 
the rl,ht-adjace„t compartment .iT^TlTT""' 

to the amount o. co" .ornea .n th s r"h"t 
compartment. This »i„i„i,es the formation ! 

in the compartments i „ ■ °' tcrn,ed 

K «.cmenT:s, 1, G. , maximizes fK« r 

by reaction of d and on' . formation of d,o 

"ads ^"d OD at the membrane. 
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One advantage of the stacked plate arrangement just 
described is that the amount of and formed in the 
system is minimized since formation is substantially 
limited to compartment 34 and formation is likewise 
minimized by recombining with OD" in each compartment. 
That is, the total chemical potential in the system, 
which is the sum of the individual chemical potentials of 
each membrane, per amount of molecular gas formed by 
electrolysis, is increased. The efficiency of the system 
is increased accordingly, and problems of recycling 
molecular gas are reduced. 

The stacked plate configuration also allows for a 
rather dense packing of charged plates, without the very 
long diffusion times which would be required to fully 
charge a solid block. The dense packing of charged 
plates, in turn, will result in a much higher neutron 
beam flux, as measured, for example, at the right side of 
the cell, since a large percentage of neutrons ejected 
from each internal plate will pass through the entire 
series cf plates in the cell. 

C. Charging with Metal HvdrTripg 

Figure 1-4 illustrates schematically an alternative 
system, indicated generally at 50, for compressing 
isotopic hydrogen atoms into a metal lattice, in 
accordance with the invention. 

t 

The metal to be charged in this system is in the 
form of an intimate mixture of the metal and a metal 
isotopic hydride, such as a fused metal isotopic hydride 
salt, or a mixture of a fused netal salt and a metal 
hydride, which provides the source of isotopic hydrogen 
atc-s. Exemplary fused r.etal hydrides include Li/Na/K/D 
(deutoride), and related hydrides such as Li/Ha/D. 
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Exemplary mixtures of fused c.;,i*. . 

-ch as Li/K/Cl ana Lio or «To' .T" 

" MaT, LIB or NaT. 

to known pe^Uti^l„, „et.oa.. The raUo Tr^'"' 
Oydride salts is calculated to provLe " '° 

™ o. isotoplc .dro.en to Ltritllr t^^I"" 

according to .no™ slnterln^^tHl f , 

56 m Tigure 1-4 oivoc « ^ seating element 

"i.t„e/ «ter s : r\„T::"\' """"^ « ^-ti^ate 

material is measured. as':.o '"ITZ " 

electrolytically, to bring the chenic!, oof^^: ! 
material to a desired level. P°tent.al in the 

Alternatively, the mixture can ho ,, . . 
energy lasers ,„ot shown, under 21T,^ 

diffusion of hydrogen isot„ "hich promote 

-urce into the la .c rt^e""": "'''^"^ 
specifically, the hea sourc s"! e" "I""''- 
energetic shoe, wave sufficLt . " """"" 
atoms into the netal t"a " , . 

least ahout 0.5 ev iilH ^»al chemical potential c. at 
less. " °f ■■"'°"t o „sec or 
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developed in connection with inertiaf confinement of 
high-temperature plasmas. 

It will be appreciated that the metal lattice formed 
by the sintering method can be prepared to contain 
selected mole ratios of isotopic hydrogens atoms, such as 
selected levels of deuterium and tritium atoms. 

D. Thin-Film Lattirp«; 

Figures 1-5 and 1-6 illustrate two types of thin- 
film metal lattice composite electrodes designed to 
support more controllable fusion reactions, in accordance 
with another aspect of the invention. The electrode 41 
illustrated in Figure 1-5 is produced by forming a metal 
lattice thin-film 43 on an electrode substrate 45, such 
as carbon. 

In one embodiment, the substrate 45 may be an 
"inactive" material which itself cannot be charged with 
isotopic hydrogen atoms to a level which supports nuclear 
fusion events. 



Alternatively, the substrate 45 may be a material 
capable of supporting fusion reactions when charged with 
isotopic hydrogen atoms, as above. one advantage of this 
configuration is that the surface properties of the 
substrate material can be largely masked ip such a 
composite structure. For example, the substrate 4 5 nay 
be a platinum metal lattice which is coated with a thin 
palladium film 43. Here the palladium is effective both 
to promote surface adsorption and diffusion of isotopic 
hydrogen atoms into the electrode film 43, and to prevent 
catalytic formation of hydrogen gas at the platinum 
interface 44. 
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substrate nateri.i • generating reactions, the 

because o. t! e el'^ f^'^""' ^^^^^ 

/ V. properties, cannot by its*»i^ k-. 
electrolyticauy „Uh hydrogen isotcoL /" '^ 
substrate .etals include paLdiuT r^L 
iridium, os.iu., nicei, cob t I^n 

I-^icewise the thln-fil„ ™etai siMlarlJ is o" k 
support energy or neutron-producing reactions 

:rtt::tt"t?n:r-;- 

.eta. -i„de\\:sT:::4^^?:dent"^r 
:it"cXrir:; r^-: os.iu. 
-».s there.; ^ ^r"—;:::::::: ^^-^ 

ruthenium, iridium, and zIrconLr ' 

The thin-film may be formo^ k 
tbin.ni„ deposition L^odrHr.!"*^'^ ^ 
evaporation, and chemical vapor" dT'-^ 
tbe deposition conditions a e se ectJd t""' 
Of between about 50-500 A in T """""^ ^ '"^ 

fil»s „ay be suitable. although thicker 

in one thin-fiJm nethod, the deoosif- ■ 
out in a ciosed cha„her hy oc ^agn tro^ M^',""'" 
sputtering, at a select^H r. ronr or rf plasma 

ieaected pressure of i.^^*. 

The gas pressure i„ the chale etltT'"'^" 
-otop.c hydrogen ato»s i„ .he thin-ri I L ^ ! 
example, the sputtering .ay .e carried cut In a 
deutoriu»/tritiu„ atmosphere, to -seed" th , ■ 
3 desired concentration or isotopic hvdr gen " 
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j^-L^ ceil, such as desoT-iK*^ , 

is Charged el.ctro.he™icany to a che!l " 
sufrlclent to pro.ot. a fusion .eacti 
preferably „it. continued IZllZ T " 

a supply of electrolytic current. 

3..tr:t^tt:::i:: t 

production which is plsLlT 
supports fusion react : 

ciuiCly to a desired level Id t. '^' '^'""^'^ 

expended relatively ,uL«; ter c^"'"'"" 

dissipation fro. the thin fil "--^Jl?" 

controlled by fluid fW' ' accurat;!^ 

-xuiofiow m contact with <p 

example, through li^TiilSi^^^ 

Figure i-s shows a tubular electrod*. a-, 
forcing a thin metal-lattice £11™ !, ^ ""^ 

tubular substrate 51 Th' H " ' '"'''^'^ 

substrate, such as a' h "^^^ - inactive 

itself h / °" °^ Alternatively ,ay 

.tself be forced of a material having a lattic IZL . 

..pporc.ng fusion reactions when charged wi^h'^sll''' • 
hydrogen atoms, as above. isotopic 

In still another embodiment, the substrate M 
a material, such as tungsten, which is ect Le ' 
absorb gamma rays or other radiatio '^^''^^^^ ^° 

tMn-fii. .th the product::::::::"^:: 

e=bodi„ent, the energy produced by reactio^ 

riin „ can be dissipated both by l^er^ "a^d" 

fluid flow. nternai and external 



In still onother embodiment, the substr.^ 
selected material -.hose atc.s can be tran u ^ " ^ 
.cbard^ent .th high energy ga.,a rays, noutrcns! a cr . 
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Particles produced by th^ ^ . 

produce sele«ea ,etM Isotcpe^T: '° 

as a se«=onauctcr subst^te ^ 
>sotoplc dopants. "looted metal 

In accordance withTi^lT! ""^-liEtal^iajy^ 

"ventlcn. the apparatus Lctles"'"' °' '"^ 
Carged ,etal lattice vlth Ik """" 

The excum, .eans „y l„cx„d!' "^^ ^«'^=^«- 

(a) incorporation of r;,^; • 
"Mc. .ecome radltotpT^n-^^ '"^ 
-utrons, into the .eta^ attlce""'""' 

(b) incorporation of radioic . 
"uid source of ill "'""'^ i" 

formation Of a thin 

or a thxn metal lat^^r^« 

radioisotopic substrate; °" ' 

incorporation of a y^^t • 

-tai lattice substrate; """'^ ^ 

placement of a soii^ w 

-«icie ..itte::ii t\::t::^"^ - 

within the core of .k. .... as 
(^) generation of neutrons in the latt • 

incorporation of bervlli ^""^ 

- generation of a-oarti , ^^^strate; 

incorporation of":::::: ti 

lattice and/or tho ,^ ■ " the 

'-nhard„ent Of tl -""rate; or 

'•i. or the charged 

. r^^- --^-e source o'r a c 
: "-^-n or positron source lH 
deuteron accelerotor. ' °" 

In one embodiment, the l^tt 
^toms, such as 'O^^, 9o contains radioactive 



(c) 
(e) 



(g) 



•J^u, "Vs, i^v^.^^ no 



-^l/R^TfT»TC 



PCT/L'S90/01328 
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Alternatively, or in art. ! P^ticles. 

ejec. high energy partis, ^ ""^"^ neutrons, or 

^' example ««« f^'^urang neutrons tk« 

produces neutron ^ contain beryllium . 

e»b=di«nt, the charged 1,^1 " 

"dlolsotopic source or sul." ^■''"st a 

-"bodaMent,, the lattice 1=1" '- another 
neotron.. photons, aeuter"„s '>^"'-ner,' 

"»ce structure char^: Jit:"'"" '° i" a 

--al basic heat generatl 

or the present l:::::ir^^^*--^ in 
'^""Oic reduction of 0 o7r" , - ">e 

"=in, curro^ " ' 

° - The deutori:rr.s ^'■"^ °- 

51 D o + 0.5lH,o solur,- 
■="^"'= -ere neasured v th "^^'^"''^ 

at p.,se ecuili,;"/"'"' '° ' "'-enco 
c. otservaticns „ere HIT" 

.^//DCT/TMTr- 
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(1) Calorimetric measurements of. heat balances at 
low current densities «x.S„^ cm-) were made using a 2mm 
X 8cm X 8cm Pd sheet cathode (obtained from Johnson- 
Matthey, PLC) surrounded by a large platinum sheet 
counter electrode. Measurements were carried out in 
Dewar cells maintained in a large constant temperature 
water bath (300-K, . the temperature inside the cell and 
Of the water bath being monitored with Beckmann 
thermometers. The heavy water equivalent (HWE) of the 
Dewar cell and contents and the rate of Newton's law of 
cooUng losses were determined by addition of hot 0,0 and 
by following the cooling curves. 

(2) calorimetric measurements at high current 

densities were carried out using i 2 anrt a ™™ ^• 

^"y ^, and 4 mm diameter 
X 10 c» long rods (obtained from Johnson-Hacthey, plc) 
surrounded by a platinu- wire anode wound on a ca,e of 
glass rods. The Dewar cells were fitted with resistance 
heaters for determination of Newton's law of cooling 
losses; temperatures were measured using calibrated 
thermistors, stirring in these experiments ,and in those 
1 sted under 1) was achieved by gas sparging using 
electrolytically generated D,. i„ i„„, ^erm experiments, 
it has been confirmed that the rates of addition of d o 
to the cells required to maintain constant volumes is' 
that required If reactions (I,, (U,, 
IB above, are nearly balanced by the reaction' 

■lOD- - 2DjO + Oj + 4e- 

rurthermore, subtraction of the ohmic potential 
losses .„ solution for the cell containing the large 
Platinum-anodo shows that the electrolysis of the D 0 is 
the dominant process, i^. , u is assumed that the joule 
^.eating .s close to that required if the overall react 
.s controlled by processes ,i,. .li,. and ,iv, 



on 
With 
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nd 



this assumption, it has been found that the calorinetric 
experiments using the large sheet Pd-cathode, the 
Newton's law of cooling almost exactly balances the rate 
of :oule heating (after prolonged electrolysis to 

saturate the metal latticed uKo« vk ^ , . 

Aatuxce;, when the metal is charged at 

a current density of about 0.8 mA/co^. 



_^ At higher current densities of l. 2mA cm'^ and 1.6mA 
cm excess enthalpy generation of >9% and >25% of the 
rate of joule heating was observed (these values make an 
allowance of about 4% for the fact that and O 
evolution takes place from O.IM LiOD rather than'o O 
alone) . This excess enthalpy production was f ound'to be 
reproducible in three sets of long term measurements. 

Table X-A below shows the lattice heating effects 
whxch were seen with a variety of cathode geometries 
sizes and current densities. The excess specific heating 
rate was calculated as the amount of heat produced less 
the ,oule-heat input used in charging the electrode. The 
3oule-heat input J, also referred to herein as the joule- 
heat equivalent, was deterinir.ed by the equation: 

J = I (V-1.54 volts) 

Where I is th. cell current, V, the voltage across the 
electrodes, and 1.54 volts is the voltage at which 
reactions (i), (ii,, and (iv) balanced by Reaction (v) 
are thermoneutral , , the voltage where 'the cell 

neither absorbs nor gives out heat. The excess specific 
heat values are expressed as excess specific heat rate in 
watts/cn-*. 



.^I/R97ITIITC CUCCT 
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TABLE T-Tv 



Electrode 
SType 



rod 
rod 
rod 

rod 
rod 
rod 

rod 
rod 
rod 

sheet 
sheet 
sheet 

cube 



Electrode 
Dimensions 



. IXIOCTTI 

.IxiOcni 
.IxlOcm 

.2xl0cin 
.2xlOcin 
.2xlOcin 

• 4xlOcin 

• 4xl0cin 
. 4xlOcin 

.2x8x8cm 
.2x8x8cin 

• 2x8x8cin 



Current 



1 cm^ 



8 

64 
512 

8 

64 
512 

8 

64 
512 

. 8 

1.2 

1-6 

125 



Excess 
Specific 
Heat Rat^ 
fva::t /cn-*) 

.095 
1.01 
8.33 

.115 
1.57 
9.61 

.122 
1.39 
21.4 

0 

.0021 
. 0061 

overheating 



The parameters which affect enthalpic heat 
production in the compressed lattleo L ... 

magnitude of the effects can be ^"^ "'^ "^''''''^ ^"^ 

. Pieces can be appreciated from th^ 

follows. Observations on th. Table i-a data 

^«=ii5»xcy ( 1 . e . ^ maqnitud^i r>r 
the Chemical potential, and is proport ona loM 
Of the electrodes, i^., ^ho heatina 
in the bul. Of the Pd-electrodes ' ™ 

(b) enthalpy generation can exceed lo watf/cn^ f 
the palladium electrode; this is „ ■ • ""^^^-^^^^ of 

' '^"^^ maintained for 



expcri-ent ti„e. In excess of 120 hour^Uring „hich 
typxo^Uy heat in excess of 4 HJ/cm' of electrode volume 
was liberated. 

(c) excess heat substantially in excess of 

breakeven can be achieved, m fact i*- k 

ract, xt can be seen that 
reasonable projections to 1000% can be made. 

(d) the effects have been detennined using d,0 with 
small amounts (0.5-5%) ordinary water. Projection to the 
use of appropriate D,0/DT0/T,0 mixtures (as is commonly 
done in fusion research) might therefore be expected to 
yield thermal excesses in the range lo^ - loS (even in 
the absence of spin polarization) with enthalpy releases 
m excess of 10 kw/cm^ It is reported here that under 
the conditions of the last experiment reported in the 
table, using D,o alone, a substantial portion of the 
cathode fused (n^elting point 1554'), indicating that very 
high reaction temperatures can be achieved. 

one possible explanation for the generation of 
excess enthalpic heat seen in the charged lattino ........ 

involve reactions between compressed nuclei within th7 
lattice. As noted above, isotopic hydrogen nuclei 
dissolved in a metal lattice in accordance with the 
invention are highly compressed and mobile. m spite of 
this high compression, molecular isotopic hydroaen l_e 
D, is not formed, due to the low S-electron character of' 
the electronic wavef unctions. The low-s character 
however, combined with the high compression and mobilitv 
of the dissolved species, suggests the possibility for a 
significant number of close collisions between the 
dissolved nuclei. it is therefore plausible to consider 
that some of these collisions produce reactions between 
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nuclei. Thre. p„==iMe reactions, ,„on, others, which 
occur in the case of deuterium isotopic hydrogen are 

+ ^T(l.oiMeV) + H(3.02MeV) (vi) 

° ^ y - ^He(0.82MeV) + n(2.45MeV) (vil) 



^ ~* *He + ganuna(24 MeV) 



(viii) 



These reactions would be readily detected by the 

production of tritium (T^ ar,^ „ 

triTiium (T), and generation of high eneray 

neutrons (n) and gamma rays. 

The rate of production/accumulation of tritium (T) 
was measured using cells (test tubes sealed with 
Parafilm) containing imm diameter x lOcm palladium red 
electrodes. one mL samples of the electrolyte were 
withdrawn at 2 day intervals, neutralized with potassium 
hydrogen phthalate, and the T-content was determined 
usang Ready-Gel liquid scintillation cocktail and a 
Beckmann LS5000TD counting system. The counting 
efficiency was determined to be approximately 45% usi-^ 
standard samples of T-containing solutions. 

In these experiments, standard additions of imL o- 
the electrolyte were made following samplina. Losses of 
D,0 due to electrolysis in these and all the other 
experiments recorded here were made up using D,0 alone 
A record of the volume of D,o additions was made 'or all 
the experiments. m all of the experiments, all 
connections were sealed. t 

The tritium measurements show that DTO accumulates 
xn the charged palladium cells to the extent of about lOO 
dpm/ml Of electrolyte-. Figure 1-8, which shows the fl- 
decay scintillation spectrum of a typical sample 
demonstrates that the species is indeed tritiun ' 



Figure 1-9 is a scheniatic view of electrical 
generator apparatus 32 constructed according to one 
ZcTr' Of the invention. The apparatus generally 
.eludes a reactor 3. which generates heat in accordance 
wxth the prxncxples of the invention, and a generator 36 
whxch transforms heat produced in the reactor to 
electricity. The embodiment illustrated employs 
electrolytic compression of isotopic hydrogen atoms fron 
an aqueous medium to charge a metal cathode. 

Reactor 34 includes a reactor chamber 37 enclosed i. 
a Shield 38 Which provides neutrons shielding, where a." 
here, the source of isotopic hydrogen atoms is an aqueous 
medium, the chamber is preferably designed for high 
pressure operation to allow fluid temperatures in the 
reactor substantially above 100 "c. 

The reactor chamber houses one or more cathode net- 
rods, such as rod 40, which serve as the metal lattice H 
be Charged with isotopic hydrogen atoms, in 
With the principles of the invention, and which IZZore 
have the properties discussed above which allow 
compression or accumulation of isotopic hydrogen atoms in 
the metal lattice. Although a single metal rod would be 
suitable for a relatively small-scale reactor, where the 
rods are several cm or larger in diameter,, a plurality o^ 
rods is preferred, due to the long period^ which would tl 
required for diffusion into a large-diameter rod 
Alternatively, the cathode may be a sheet in a pleated c- 
spiral form. An anode 41 is formed on the outer chnnbe- 
surface, as shown. 

The reactor chamber is filled with the source of 
isotopic hydrogen atoms, such as LiOD in deuterated 

mum mi 
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xater, as shovn in the figure at 42 eIo,-^ , . 
deco.po=ition of th. source a„d Hi "^""^l^tic 
i-topic h..ro,e„ atc„s int" . IZTH:! """^^^ ^ 
-riven a char,e-,e„erator source 44 , ! ' 
above. The cathode, anode, and char«'o ' 
-e also referred to herein coiu i!:.' '::"'" 
producing diffusion of isotopic hydrloen T " 
into the lattice of the „etaX ca node a"," T '"""^ 
electrolytic means. ^' ^""^ 

e.cha::: !;:::r:: :.To::::tr: = 

"Uia throu,h a conduit 4," . " re":::"" TT 
heated vithin the reactor to a bon ! 
the generator, for stea. generatt J"" """" 
stea. turbine in the generate: "h^s h ' """^"''""^ 
the Charged »etal cathode,s, I: th! ''^ 
utilized. Via heat exchan :'b ^^r^: HT^' 

..nerator. to drive the g:nerat::^"or .e":::::;"^ 

generation. Although not shown th, ^^'rical 

connected to source 44. for s^ppi " 

electricity generated in opera:^: "I the 

^ °«-Aon Of the apparatus to 



The generator may also incl..H« 
Circulation system fo: suppi;:nTs:u:c"""^"""'"' 
reactor, and for removing :e::::r r " 
tritium. ""^ ''yPrcducts. including 

It uill be appreciated that fK. ' 
alternatively be designed for :: "'^ """"^ -V 
of several hundred degr s " „: hl^^"" " temperatures 
efficient conversion It h ""^ 

=tea„ turbine, such a ^1::^:^ ^ 
netal/fused deuteride sait nixture /itl T. " 
heating to produce isotopic hydro:! ' ""'^ 

Pic hydrogen atoa diffusion into 

SUSSTITUTS SHEET 



a»t»l paptisl«a, as d»«crlb«d h«r«ln. Th« r .suiting 
rapidly haatftd partiola saaa aould b« ooolad, for 

oxaapla, by circul&tir.y lithiua or tha according to 

Jcnovn raactor daBigna. 

Tron tha foragoing, it can ba approoiatad hov tha 
ganarator apparatua naata various objaots of tha 
tnvantlon. Thm apparatua utilisa* dautariua, a virtually 
inaxhauatlbla aourca of •n«rgy, to produc* baat, and the 
products of tha raaction — tritlua and praauaably 
isotopes of Ka — artt tithar «hort-livad (tritlua) or 
ralfttlvaly banlgn (hallua). Further, th« apparatus can 
ba conatruotad on a saall soala, suitabla, for axanplo, 
for a portable ganarater. 

K. Biiaeter PyQd«Q*« ^ISgy*^ 

The haat-ganarating raactiona which occur in a aatal 
lattice charged with dautariua can ba charactarizad by 
tritlua produotion. Tritlua can b« foraad in the reaotor 
either as tritiated heavy water (DTO) or, by elactrolyaia 
of DTO, as trltiatad dautariua gas (DT) . Where the 
reactor source also contains ordinary vatar, addlticnal 
trltiatad apaoies HTO and BT gas aay also be foraad. 
Since the aaount of tritlua in the reaotor will build up 
over tiae, tha raaotor la preferably provided with an 
«xrraction ayatea for raaoving tritlua ajid maintaining 
the tritlua levels in the reaotor within proaalactad 
levels. ^ 



figure l-io la a achaaatio viaw of an axtractlon 
ayataa 160 daalgnad for raaoving tritlua froa both 
raactor water and gaa ganaratad within the raactor. TMa 
•ayataa la daalgnad to carry out two aapaxate prooaasesi 
one which transfers trltiua in the reactor aourca to 
dautariua. cr hydrogen gaa, ar.d the eecond to eeparatad 



tritiated isotopic hydrogen gas ' 
distillation. ^'ryogeni 



c 



The catalytic exchange of trii-i • 
a vapor-phase or Uquid-phasl h h " 
indicated generally at ^^''^^^^^-P^^^- catalytic bed, 

^.O/DTO or H,0/OHO/D,0/DTO/HTO .rr/h''"''"'''^^ 
supplied through a conduit i^ whTch ^ ^^^'"^ ^^^^ 
fro. the cell to the catalytic bed '"^^'^^^ 

contact with'I d-TerLVg^Trtrea'^'' '^"^^ 
circulation through the bed Zll current 
-y be supplied fro. a gas-distiliati'"'" ^'^'^^ 

used, as described belou in . " ^^-'"^ 

countercurrent fiov over th^ catalvt " The 
^e^ction: catalytic bed promotes the 



DTO +D- catalyst ^ 

2 — * DjO + DT. 



The water, which 
to tho enriched in d o 

Alternatively, ^he catalytic bed 
l»quid-phase counter-current ""i^ned fc- 

„et.od.. ert:.":,^' ^"-""^ - 

vaporized and superheated then ^= 
hydrophobic catalytic bed " " 

-"teriu„ ,as strL I t '"^ 

.rea„ i. condenseTanTre—rtr;?- ^ 

tne reactor. 
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The gas stream comina out of i-h^ 
dried and purified and . ^^-^--^nange bed is 

Furiried, and passed through a ti.ho n« . 
cryogenic di chi' 1 1 • to 
^ y nic distillation column 166, throuoh 

The column contain. s...er pacXi„;. iTl LT.' 

Uquxd heuu„ fro. „ auxiliary iILi^\11 

"0 OUtlnation 1= .arriea L a^ a. : 7/^"" 

whxch is concentrated at the top o, the ci, 

-Mch is partiau. stripped of tritiu^is su r'/"" 

t.e catalytic hea through a cohduit i^i "/L^'aler 

i.e., DT and T,. are circulated to a second distillation 
==lu.„ l„ paced „ith dixon rin,s, and cooled .y 
liquid heliu. Circuit i,a. The OT which concentrates at 
the upper portion of the colu™ »ay be cycled thr ! 
converter ISO, to obtain r,. accord'in, Ztt rrLn: 

2 DT - + D,, 



DT at the upper end of the colu„ and T at the 
wer end. The T, is withdrawn periodically a d sto d 
either m a rrao ^ — ^<-wj.eu 

- , ».oxner, such as container 182 

-etal tritlde. The syste. is capable of separ Un " ' 
tritiu» to about ,8 .ole percent purity 

It will be appreciated that where the 
contains ordinary water, „, and .„ isotoprcr wurat., 

with D,. Th.s ,as „ay be separated ,ro„ D^. OT and T, i„ 
the cryogenic distillation columns, and easily disoosL 
Of. e.g.. by combustion with 0,. -H^Posed 

t-itiuTfr'"tV"''' '° "-ve 

t-itium from the reactor water. As noted above, the 



electrolytic c=„pressi6n procsi' ■ 
also generates .olecul„ Lotooi r""' 
°T forced by electrolytic 2! ' 

=ontal„l„, tritUte. t r"""" " ""^ "«« 

"converted to v.ter, by catalv^ 

reactor, as noted ab;ve ^ " ««b«tion within the 

Alternatively, or in addition th. • 
-ay be purified in the trin. "otopic gases 

J . tritium extract- i«« 

described above bv ^ ^^raction system 

-"ctiy into t^et o~"::ti:L :r — 

=y3te., Via a valved conduit W " t. " 
extraction system. tritium- 

tritium e.ohang: 'r:":"" " 
generating o,- and T,. as above " 

From the foregoing it o;,n ^, 
various additional feat r s o the 
The heat-generating reaction! J.::":!"""" 

'vpe, and cT:!:: ::t:::.ri:orer • ^ — - 

!" "'"er .purposes, such as a vane y o 

diagnostic uses. ^ medical and 

^^^^ — ^ (incorporated .y ^ 

1. "Technology Assessment ReDor^ 

= . and international Quest foTL'L:?"""'' ™= 
congress, oaioe of Technology .ss^sm 
Congress. Assessment, looth 



S'JSSmilJi: c/;r.rr 



2. Mueller, J.P., et al., .»Metal Hydrides", Academic 
Press, NY (1968) . 

3. Ron, M., et al. , eds. "Metal Hydrides 1984, Vols. I 
and II, Elsevier, NY (1985). 

4. Veziroglu, T. N., ed., "Metal-Hydrogen Systems", 
Fergamon Press, NY (1982). 

5. Dandapani, B. , and Fleischmann, M. , J. Electroanal. 
Chera., 39:323 (1972). 

6. Bambaicadis, c, ed., "Metal Hydrides", Plenum Press, 
(1981). 



SECTION IT 

Neutron npn^t-a tion anH Applicat i one 

According to one aspect of the invention, it has 
been discovered that isotopic hydrogen atonis, such as 
deuterium atoms, when diffused into the lattice of metals 
which are capable of dissolving hydrogen, can achieve a 
compression and mobility in the lattice which is 
sufficient to produce neutron-generating events. The 
neutron-generating events are also characterized by 
extra-enthalpic heat generation; that is, the asicunt of 
heat generated in the lattice is substantially greater' 
than the joule-heat equivalent used to chai^ge the lattice 
to a chemical potential at which the neutron-generating ^ 
events occur. Section I. as previously noted, describes 
natorials and conditions suitable for achieving the 
required conditions fcr the neutron-generation events 
within a metal lattice. 



StCSriTliJ? ?i?::r 



Neutrons produced by the me«r,\.. 
coUi.ated to produce a neutron beaV 

used in a variety of neutrorr 1 = 

-teriais. This'sectLn des;- t:/"""^^ "-^^1", 
---ed .or ne„tron-.a„ anaiy.i. ITZZ l^Z^. 

AS noted above, and according ^o . • 
Of the invention, it has been ! '"Po^tant aspect 

lattice charged ^ith hvdro "-at a .etal 

P-entiaX o/at ieast o ro Trr^ '° ^ ' 

.eneratin, events which are e" a nc::!":: 
of high-energy neutrons. ^ Production 

One explanation for the generation ^, 
produced in the „etai lattice seeTin tK 
i= the possibility Of reaction! bef een e^! 
vUhin the lattice, .s noted above hyd-oo '"' "'^^'^^ 
nuclei dissolved in a „et,l lattice a^^; 
potentials above about o.s ev a" hioH, 
■"obile. In spite of this V k ' and 

""^ high compression .■ _ 

.«»ea, due to the low S-electron ' ' 

electronic wavef unctions. Th ow Ih" 

combined With the high compression of h^e^dt:' , """^^^^ ' 
species, suqqestc hh« Qissolved 

^uyyesCS the pOSSlbilitV foT- , 

number of close coii- significant 
^xose collisions between j- 

" is therefore plausible to co: d th::^°"" 
CO isions produce reactions between „: :;°°;.:' ^'^^ 
reactions which might be expected in the Lt-i 
containing prG'»cnin;,nM ^ iat.ice 
9 pre.cnmantly deuterium nuclei are: 



" " 'T'(l.Ol.MeV) ^ II(3.02MeV) 
D ^ D - ^HG0.32MeV) ^ n(2.45MeV) 



(V) 
(vi) 
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These reactions would accouni- fo>r^7v 
tritium f^H) .r.r, . account for the generation of 

^ium ( H) and neutrons (n) in the metal 

lattiL° "th"" generation in a charged metal 

lattice, the neutron flux from a imm diameter x lOc™ i 
palladium rod cathode was measured using ! " 
Neutron Dose Equivalent Monitor, Type 95/0949-^ ^ 
counting efficiency of this Bonner-sphere tvx,. ^ T 
for 2 5 Mpv n«»«. spnere type instrument 

tor 2.= „.v neutrons v.s estimated to b. about 2.4 x 10" 

. Further, the collection efficiency of the 
spectrometer for the cell ,eo„etry used is very Poor. 
Nonetheless, these experiments monitored neutron 
generation levels severalfold above background at the 
monitoring electrode. 

several basic heat generation experiments were 
performed to demonstrate that the neutron-generatin, 
events occurring in a charge metal lattice also involve 
the production of excess enthalpic heat, i^. , ,eat in 
excess of the joule-heat equivalent energy used in 
Charging the metal lattice. The experiments were based 
on the cathodic reduction of 0,0 from liquid phase at 

"ear room temnprahMT-o ..r.; . 

^ ^ """"^ current Densities between 

about 0., and up to ,0 .^/c,^ The deuterium atoms were 

froTo'ir, °^ ^^"=0^- -tal 

from O.IH UOD in 99.5% d,0 * o.5,„,o solutions 

Electrode potentials were measured with respect to a Pd- 
D reference electrode charged to phase eguilibriua, as 
described above. 



Figure II-5 is a schematic view of a ncutrcn-bea. 
generator SO constructed according to the invention. The 
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generator includes a stacked i — 

generates neutrons in acc h ^^^^ " 

invention, and c Lt"/^" -^"-P-s o. 

neutrons produced i. tL :e:c::r tV^'" ^"^^^^^^ 
indicated at 61. ^ neutron bean 

Where the source of isoh^ • 
deuterium and tritiu. .toTZll ""^^'^'' ^'^"^ ^^^-^ 
be expected in the lattice is " "^''^^ ^^^^^ 

- ^ 'Hei0.S2MeV, -n(i7.58„ev, 
Which would yield neutrons with an . 

the 17.5 Mev range. ^"^''^^ distribution in 

The colliroator illustrah^^ • 
divergent collimator desIgneT^ " ^ 
high-energy or ther™ 7^^"^^ Producing a bean, cf 

^gy or thermal neutrons fif *-k« 

"actor are ther,nazl.ea before rli 

82 adjacent the reactor . Ik..!! ""^^lar aperture 

'B.C) is usea to control expo';:;;" ^Vr^ 

barrel is Un^a „ith a «h "tenor of t.he 

typicax., .e. i::t:::: "t: 

thermal neutrons, a material effectivT^"" ^-eratina 
neutrons, such as a polyethylene Wocx It T""" 
be interposed between the reactor , ' 
housed wUhln the coUi„ator f »l«tor or 

A downstream colli-nto,- 
alu.inu„ or the M.e anl as I^""" " ^= 
help suppress ,an„a rays nte " '° 

--^ 83 is a shielded nuer h " 
removable filter si ! ' " ™ntainin, a 

'iU«. for filter';, "1 ' 

' the neutron bea,. 



K """^""""^ '■""°>- »ay submerged in a 
pool whose cement wall is indicated at 96 rll r. , 
as a neutron shield. ° 

r^.r.T«T - "collimators for 

Thermal Heutron »adio,raphy» „ar.,raf. ed. d. «eideZ Pub 
CO.. Boston HA, (1,87), describe further detail, Z 
construction of neutron-beam colUmators."™ " 
in^the apparatus is also referred to herein as coUi.at: 

It can be appreciated from the foregoing ho„ the 
neutron-beam generator meets various objects of the 
invention. The source of neutrons in the generator <s 
simple ana inexpensive, reguiring. in one embod I en 
only an electrolytic system for slow charging of a r^-l 
lattice „«h isotcpic hydrogen atoms. UnliXe 
conventional radio-isotope sources of neutrons, the 
source can be readily recharged without isotope handK.g 
Further, health and safety problems associated wit. 
fissionable isotopes such as polonium or radiu™ ..1 
avoiaed. ^ 



Although the system has a limited neutron flux 
output when compared with a nuclear reactor or particle 
«celerator, the neutron output can be selectively 
increased, for example, by increasing the number and/cr 
thicness and/or chemical potential of the metal pla Is 
in a reactor. Further, the energy distribution of the 
bean, neutrons con be select ively . varied fro, low-ene-- 
thernal neutrons ,or even cold neutrons, produced by"" 
thermal i Zing the beam, according to conventional Jhod- 
UP o about 3.S „ev for a deuterium charged reac;or a^ ' 
17.5 Hev for a netal lattice charged with a :,ixf-e C 
deuterium and tritiu.i atoms. 
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Neutron p^^,-g^^-^^ 



Radiography is a technique by which a . 
Of the "inside" of a target material L 
exposing the material to a .ea^o r. LtT""' " 
important material-related "d^ation. The 

be., passin, through the ..t.rial. i„ th" 
radiography, the cross-section of , °' 
increase vith increa.i elements generally 

"oiecuiar -eLri: r^r:: 

sMelalng against Penetration^^r 

By contrast, in neutron „ ^. ^. ^. 

cross-section is guite Independent of sUe and 
particular, is relatively high .or ate s:c s 

or et: "="Wely 

ror elements such ai,, • -^^^xy 

o.ygen <..„e„:r:: .i" e 

r^^::::!r;::«- - uL,;/ :::::: 

.nus provides a unique „,ethod for detec- 
the presence of the high cross-section eleJnt ' 
boron, in a lot^a,- ^^ion elements, such as 

the p esence oTa T""""""" or conversely. 

-rhon, in a hLe """^^l- -ch as 

. in a higher cross-section material. 

design"rtor'„'e"utron° T"""' °' '^"""^ 

embodiment oVthe one 
of the invention. The aDD-lr^^.. 

-eludes a cnarged-netal reactor i o ! T"'"''' 
energy neutrons, a eoUi.ator 104 001^ ' 

neutrons ^nto , . . ^oilaaating 

on. .nto a neutron bean, indicated at lOfi , ^ 
detector chamber inn • k ' ^"'^ ^ 

unanoer 108 --here radiography of a , 

--material no takes ploce. "''^'^ 



The reactor and colli„.ator employ the general design 
features discussed in Section IIA above. Where, as in 
the usual case, the neutron beam energy is in the 
thermal-neutron energy range, the neutrons can be 
ther^alized within the collimator, or prior to entering 
the collimator by conventional means, such as passage 
through a polyethylene block. 

The sample chamber in the apparatus includes 
suitable support means (not shown) for supporting the 
sample or target material in a position in which the bean 
IS directed onto the sample. Also included in the 
chamber is a film plate 112 on which the radiograohic 
image of the sample is recorded, and a converter 114 fron 
whxch film-sensitive particles, e^., beta particles are 
emitted when the converter surface is struck by neutrons. 
The converter is preferably placed in direct contact wit^ 
the filn, and is formed of a thin gadolinium filn, or the ' 
like capable of enitting film-sensitive particles in 
response to neutron bombardment. The filra and converter 
are also referred to herein collectively as recording 
™eans. The reader is referred, for example, to Har^s and 
wyman, "Mathematics and Physics of Neutron Radioaraphy" 
D. Reidel Publishing Co., Boston, Massachusetts U986) ' 
for a discussion of various types of recorder means 
employed in neutron radiography. 

The apparatus may be employed in a var^iety of 
thermal and high-energy radiographic applications, such 
as described in "The Neutron and Its Applications" 
Schofield, ed. , The Institute of Physics, London 
England (1983), particularly for structural analysis c' 
explosive devices, ceramic materials, electronic devices 
nechanical assemblies, and aircraft turbine blades 



Nwtron diffraction provide 
positions „<, „^ ^ information about the 

«utro„s in a tea„ by the nuoZe L a °' 
The oethod differs fro™ x-ray d f ract 
crystaiXo,raphy techniques i„ wb"h 1 " 
centers of the x-rav ho. ^ ^^^ttering 

-;-.on hea„ ir^entrs^rt^"::: — 

™=lei, several types of i„,„ involving 

"Mch are not generallv av ^ " "^'^^-^ 

nerally avaxlable by x-ray diffraction: 

^^rst, since the scati-o»-i 
is not dependent on atomic nu^rTr'^^"^"" 
(see above), the nuclear d.„ =l'='='"^tic »ay 

f". the diffraction pattern al "T " 
ato. Sites, as hydro,:„-ato: Z^Zl^"' """" 
an electron density cap. '"'^ "^='^'"5 in 

Secondly, the method is abl= ^ ^■ 
localize isotopic atom sites b' ""'-^"is^ and 
different isoto... . ' "uclei of 

."ite differently": ^e rett: "Th::" = 
-ful for crystallographic analys s o/'"""'"'' 
3P-ific isotope substitutions hav b ""'^^ 
"ample, the analysis o, " '"or 

-Pie. »acro„o^ii icT:: 

3-PHfied by substitution of deuterium ' 
selected amino acid sites t„ or tritium at 

Sites in the diffraction"::::::/" « 

-tect^":::::„::::r:::::" abiii... 

neutron scattering due to the interact '° ^^-i"onal 

^=^ent Of the atom .th that of ttt::::: ti!-:::.:: 



This allovs 
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investigation of the magnetic structuro^^, 
responsxble for interesting magnetic p.^pl^ ' . 
sample, such as f erro.agnetis™, anti-fe"LT ' 
helimagnetism. ^^^romagnetisn, 



are 



and 



0 



Figure 11-7 is a schematic view of «n . 
-^or use in neutron-beam analysis of a L , 
in this apparatus, neutrons pr L Ay 7^ T'^'^^' 
-2, and colligated .y coUiLtor 34 L d " T/^^^^'^ 
Single-crystal ^onochro.ator 126 xheT T ' 
crystal fn,,^v ® nonochromator 

crystal functions to reflect- ^K«*« 

" i-etiecc those neutron's uk{.«k w 

particular waveU„,t., an. therefore ene" v tl T ' 
reflected output bea„ having a selected ' 
energies. The construction of th! f . 
have .een described a.ov iL T.uTZT 
designed to produce a narrow TjJllZT;: 
about t/- 0.5. degrees. ' 

The monochromatized beam is directed »„f„ 
-ateriai i30, producing a scattered blaTw 
at various scattering angles, is related to the 
crystalline structure and atomic composition of the 

sample, as outlined 

scattered neutrons "is-^-^Isur::^. :" :::'"" 7 
aetector means 13. designed to mt:u:e"nt:L ^a"" " 
xntens.ty over a large scattering angle, as show xhe 
eu ron detectCr is preferably a cylindrical counter 
n led v.th gas, according to conventional neutron 
detector construction (Bacon, G E . " 

WyKeham Publications, .ondon, "^""P" ^"V^ics" 

The apparatus nay be cnployed in a variety c- ' 
neutron scattering such as described i„ ....,e«rl„ " 
Radiative Capture" Chrien, ed. such as 

ato.ic and molecular structure. orgrLrinTriarc 
-lecules, and for investigating static and dyna.i; 
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--Pects Of molecular disorder and-^n " 

molecular systems. transitions i„ 

D. 




t aoaoactivitv i « 
processes with ^ ■i-i.s- , emission 

^itn a measurable half lifo 
nuclei involved in neutron ab. . ^he 

emission, and correlatino Particle 

^""3 these with f-K« 
particle e-lssio„ characteristics v 
-ethod is also known as neutron , , 
has been used widely for det! 

compounds present i„ a sa^ °" « 

m a sample material. 

on the'ordeVoT'o-^'^ To Tn^e'"'""'"^'^^^-- -ents is 

" ■'•^ sec or lesc: ^K 

the sample material is deter„lned fro. t. """" 
spectra of the material. Th<= .1 " 9a»a-ray 

"f«red to as proopt e^issioi; 

Pro.pt e„issi„„ techni,:: cjr^""" ^"^'^^'^ 
activation analysis i„ tna, """""""^"y '° neutron 
'or» stahle raaLacUve nuc eol"'.'"'" ^''"^"^ 

Pro„pt e^ission »eth:r sTha: 
" is instantaneous, non-destruct ve . 
ne,li,i.le residua, activity "If te^et, """"^ 

Figure n-e , 3che„atic view of an , 
use in prompt neutron-r.diative captur. 
SMple material, m thi. "Pture analysis c: a 

" neutron reactor anV'^M""' P"^''"'' 

«e directed onto a s'.,::: r::::::^:,:'.""^-'- ' 

cna..er „». construction of Jo lZ^lZT 



colU-^tor hav. been described above, -fhr neutrons 
produced by the reactor, either upstream of or within th. 
coiu.ator, „a. be tber.aHzed and/or .onocbro.a a 
such as by methods indicated above. 

The 5ar.,a spectra produced in the sample measured by 

»s a soUd state germanium detector. For slow-radiative 
neutron capture Droce«!=:oc vk^ , 

fo. . P"«sses. the apparatus may be modified 

for detection of radioactive decay particles, such as by 
the add.txon of scintillation detectors for detecting 
alpha or beta particles. 

The apparatus has a wide range of analytical 
applications, including analysis of isotopic material 
museum or archaeological samples, sensitive detection'of 
environmental contaminants, detection of explosive 
n.aterials for airport security, forensic analysis, and 
medical diagnosis. 

Although this part of the invention has been 
described with reference to particular e.HoH,-™»... 
constructions, and applications, it will be apparent to 
one Skilled in the art that various changes and 
modifications may be made without departing from the 
invention. In .particular , it will be apparent that the 
neutron beam generator will have applications outside o' 
elemental and crystallographic analysis, for. example in 
medicine, for the treatment of solid tumors .with high- 
energy neutron beams. 
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SECTlnw _ 




The present section t-oi,«. 

in a palladium host latti^. «thodic polarization 

Of that „Mch can l lUlZ T"""' ^""^^^^ " 

-put to the ei.ctr:i;^":ei :r 

2D-0 on . ^ 



20^0 ^ 20^ + Oj 



The magnitude of 

y uae of the excess enthalpy was «:o i 
(typically 1-20 watts cm'^ of ^^""^^ 
maintained for oeri h electrode volume 

, for periods of loo hours i ^ 
7.2MJ cin-3 over the mo. ' ^ivxng 0.36 - 

"ver the measurement cvclesi <->, ^ • 
possible to ascribe ^H • ' ^^^^^ ^^^t it is not 

process. 9<^.^). '"^'^ ^"'"^^P^^ ^^^ase to any che.ical 

The most surprising feature of th. 
fron the fact that nuclear processes ^'^^"^ 
an in this way) is that the enthai 

is not due to either of the well eTH^'^'^^ apparently 
y-^r^^^^^^ /T> well establicH^j . 



+ 3^ 

+ 2n - 3„ ' + H (3.02 MeV) 

° (0.81 „ev, .n (2.45MeV, 



(ii) 
(iii) 



Which have the highest 

the .no„n reaction path. ZIT '""^'^ "—"ions 
Although low levels „, ^''^rgy deuterons. 

vere detected,", the entha^ ;;/e'ar"'"'' °' "'"'^'"^ 
"--ich is aneutronic and atritonic o,h"" 
suggest that a prinar- -r^^• ' ^^P°^ted works 

involved. ' ^^^tium process nay also be 
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Successive series of measurements carried out showed 
that it was necessary to carry out many experiments on a 
substantial number of electrodes and over long periods of 
time (the median duration chosen for a measurement cycle 
was 3 months) . It was necessary therefore to adopt a low 
cost calorimeter design; some of the reasoning underlying 
the choice of the single compartment Dewar-type cell 
design. Figure III-l, is outlined herein* 

All measurements reported in this Section were 
carried out with 0.1, 0.2, 0.4 and 0.8 cm diameter 
palladium as well as 0.1 cm diameter platinum rod 
electrodes. The palladium electrodes (Johnson Matthey, 
PLC) came from three separate batches of material and a 
typical analysis is- given in Table III-l. 

TABLE III-l 
constitutional analysis of the Johnson- 
palladium rods used in this work. 



Element % by weight 



Ag 


0.0001 


Al 


0.0005 


Au 


0.003 


B 


0.002 


Ca 


0.003 


Cr 


0.0002 


Cu 


0.001 


Fe 


0.001 


Mg 


<0. 0001 


Hi 


0.0001 


Pt 


0.001 


Si 


cO.OOOl 



Typical 
Matthey 
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The batch numbers of , , 

200 of f-K ""^^"-^ts given below » 

anH • ^ present inventio detailed 

and IS shown i« r.- ^"^ention is of i-s^ rx 

"own m Figure m.^^ °^ ^^^^ Dewar type 

possible recombination of deutJ "° ^^^i^ any 

Matth''"' 222 Of the'celi to^^^": the Zs 

"^tthey, anode 213 

- Close spacing on a cage 224 . ''^"^^>' ^^una with 
the cathode 212 °^ ^lass rods 
Pi-cebythe . "^-'^t-ocJes 212 '"^^°""ding 

botto. Of th ' ' ^^"^ Kel P 3^ ^^^^ ^^^^ - 

--ntial over the^^ jr^---- ^ ^ -:o" 

catiT ^"^ ^^^^ levels oV"'°^^ ^^^s 

cathode 212. ^^^^ °f charging of the 

caliH^'""''"''""" '"--^ure^ents wer 

calibrated thermistors "^^^ ^^th special.. 

inermoprobes, - 10 Kn * '"^^"'°"'etrics Vltr^.f k,"' 

^1, ' ij Kn, +0 07 cr*. . "-^^rastable 

stabu.ty .«ter than loopp:;.""' T"'" '"^^al 

as further thermistors ^,2 , V "'Ponents . . 

a reference connect" Irs"::"!"^' --tro.es . 
cells, were „ade throu V '"""--^ in 

"-.ch also contained a .inL I ^ "=3 

™e P.u,s u t! ^ vent 

"""9 Parafiin. to the cell "n„ 
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The cell 200 was maintained in speciallv r- 

stxrrer/re,ulator=. Two or three water baths, each 
c=ntax„.„, up to «ve Dewar cells .00. have 
aaintained so that 8 to 15 cells „ay be run 
Simultaneously. The results presented in this section 
based on approximately 54 total experiments and 

IZIZT" " «s .ound that 

the bath temperature at depths greater than 0.5 cm below 
the sur ace of the water bath could be maintained to 
better than ,o.o^^ ot the set temperature (which was in 

Allowed to evaporate freely. This constant temperature 
was maantained throughout the hath volume. The level In 
eac water bath was maintained constant by means o a 
continuous feed using a dosimeter pump connected to a 
second thermostatted water bath. 

The minimum current used in all the experiments 
reported here was 200 mA and it was found that the cells 
could be used at currents up to soo mA with o.i„ UOD L 
electrolyte, win. n . ,— . 

electrolytes currents as high as 1600 mA could be used in 
View Of the lower joule heating in these solutions 

The mixing history within the calorimeters for these 
current Um.ts was determined using dye injection 

combined with video recordinq- radin ™i • ' 

he e.t.e.e.. .apid .time scale < 3s, while Ixi 

too. Place on an approximate 20s ti.e scale at the ow st 

currents .sed. .3 t.e thermal relaxation time of tL 

calorimeters was approximately isoos. the calorimeters 
can . ,,,,, .^^^^ ^^^^ 

the high degree of mixing and the axially uniform 
injection of heat, the naxir.un variirioo 
within , • variation m temperature 

within the calorirteters was found to be 0 oT 

" oe 0.01 except for 
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the region in contact with th k 

the variation reached O ol \lT: ' ^^^"^ '^^^^ 
distributions were d.i-o ' temperature 

^ t.er.i3tors whCht ,^r.r? ^^^^ ^ 

axial directions. ^xsplaced in the radial and 

All measurements repor1-»H k 

Potentiostats connect J as ' ""'"l 

«ra„ga„ent us.a. r'r"°""=- ^"^ '"dbacX 

against osciHations. The ..alv^ P^tection 
further .onltcred reguaarly tlT"" ""'"^ ""^ 
.none .ou„a throughout thll vorxTrnV""^ °-'"«ic„= 
and 120 Hz < 0.04, Of the D c """^^ <60 

ibove 800 „A were carried out '"'"""^^ ' Measurenent= 

XXX-.S.. this ensure: tha":':: T 
"abili.atlon achievable by 1. "^'"^ « 

c-Id be extended to Jch hioh ''^'anostat 
<«-sure„e„ts at current ie:e r„r:""' 
«her fon.s of calorimeters have . 

"ectrodes were charged at e.rc:-?^^" ^^r.o„.,., 
Of = diffusional relaxation ^ """" ««« 

densities ... "xation tin.s. other current 

—3- oata report:: her^ ZlTr^' "P-ted 
««« Of a further 5 diffu.j^:: : ^ --'o<' in 

relaxation times. 

Heat transfer coeff ic,oo«. 
'and for special experiment" e'er";" T'""'"" ^^"^ 
galvanostats to drive the resist 

The measurement scheme adopted „ ° elements, 
el-trolyte volumes were rTp 1 :! T '°"°"== ^eli 
nours for experiments using c::;:' '""^^ =^ " - 
1600, 400-800, and 200-40o\a " '"O- 

the cell temperature! we^e"::::?"^ " ^ 
' "o- ,>8 thermal relaxatio: t i T ^"""'""te for 
tnen applied for 3 hours usino ,1 """"9 

' the resistive heaters, the 

msmm mi 
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input current from the galva„o=tats being ad1u.r,H 

that the fine! temperature rise over the . 

was about 2' Th. ^o,> . sloping baseline 

^ . xne cell temperature caIi 
temperature. ..k voltages, bath 

peratures and, when appropriate, the heater volt.o., 
were monitored everv 5 • =«cer voltages, 

DHM , "inutes using Kelthley Model 199 

DMM multiplexers to input data to Compa, DesXpro ,36 16 
™ computers. Examples of such measurements tor two 
dx.ferent experiments at three different times are shown 
in Figures I11-3.-C and „i-,.-c. The measuring circuits 
were maintained open except durin, the actual sLpXino 
periods (voltage measurements were allowed to stabiliL 

we°re air°T resistance 
were allowed to stabilize for 8 seconds before saopling, 
Data were displayed in real time as well as being • „ 
to discs, variations from these procedures for Ipecial 
experiments are given below. P^oial 

Experiments at low and intermediate current 

forlh^H ":" °" Electrodes; 

for the highest current densities the electrode length^ 
wer r,,„„, ^.^^ ^^^^^^^ gths 

winding was reduced to ensure uniform curr.n^ 
distributions; such shorter electrodes were' placed at the 
bottom Of the oewars so as to ensure adeguate stirring. 

Experiments were carried out using 0,0 (Cambridge 
isotopes) Of ,9.9, isotopic purity. 0.1 M LiOD was 
prepared by adding Li metal (a.d. Mackay, 'u/'u = W9 , 
to D,o; 0.1 „ MOD * 0.5 „ Li,so, and 1 „ Ujso, were 

prepared by adding dried Li <;n rM^v- w 

^ vuAiea i^ijSO^ (Aldrich 99.99% 

anhydrous, 'tl,'u . i/n, to O.IM LiOD and no' 
respectively. The light water contents of the cells were 
nonitored by „™ and never rose above O.5.. samples 
Withdrawn for HDO ahh ^T-^♦.; 

HDO and tritiun analyses were nade up using 

the appropriate electrolytes, a sinale batch of 
electrolyte was used for any given experinental series. 
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Normal losses due i-o i 

" »ads up bj, adding 0,0 

surprisingly, these efJicieL '"^ 

also shcvn rect: "ro"?" '« 

"ort' • The high values can b. T "P""'" " other 

the inhibition of OF oxid,? """""^^ " ter^s of 

ur^ oxidation a^ t-K^ 
formation and by the extensive d 
-"tent Of the eieotrolyteT,, °' '"^ 

-=^"tio„. xhese hig'h o„r.e„: e"f""^ 
-l-Plify the a„aij,,„ effac.encies greatly 

"B^ac. BOX- „odei Which is br eX":'""^ ""^ ^ ' 

"■•lefly described below 

common with all o^K 
engineering devices th . P^^^i^^ochemcal and 

-vior Of the oe„„:t^:;t::::l!:r- - 

.-xres the construction of "' "l«l"eters 

^ P-eerred method of data „ i^ l: :;'"--^ -dels. 
f"tin. Of the model to the . °" the 

"near regression analysis ^"^^^^""'^^ ■'ata using „cn- 

calorimetry for the model should 
' «t Of blanks, on a .T'"'"^ ^'^^^ 

=ealed cell, carefully planned dat ' and 

n=n-Unear regression technrgues ^^'^^^ '"^'"''"^ 
carefully consider all neat transfej ^"""'^ 
'-'-ing: electric enthalpy " « "-^^--ts, 
'"P«, heat input due to rep enrsh ""t 
--trolysis a„d evaporation heat "^V 
"-ation and conduction, heat trans ^ ll:: 

rrcn» the cell due 
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to la e„t heat of evaporation of D,0. heat loss due to 
enthalpy carried off in the gas strea. (for example, o 
0, an 0,0, heat generate, aue to reco„Mnation of o, a'nd 
O, Uf any,, and any excess heat generated i„ the cell 
Further, there should be consideration of the ti»e 
dependant temperature change in the cell due to the 
change of the contents of the cell P,.i«« 
sho„iH w • Prime consideration 

Should also be gaven to careful thenoostatting of the 
external bath and atmosphere temperature. Careful 
choices Should also be made of instrumentation and 
temperature measuring devices, such as thermistors 
heater components, ohm meters, volt meters, bath 
circulators, potentiostats, multiplexers and data 
processing equipment. 



Results" 



Excess Enthalpy i> -3JPd.:Bo^lectrMes_^ 

A su..ary of the results obtained using o.i, o.2 and 

0.4 cm diameter rod electrodes is m^^r, < 

While the relevant results for other experiments are 
summarized in Table III-A6.1. 
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Table III-3 lists the times elapsed from the start 
of any particular experiment, the current density the 
cell voltage, the enthalpy input, the excess enthalpy q , 
and the excess enthalpy per unit volume. The derived 
values in the Table were obtained by both the approximate 
method of data analysis and by an exact fitting procedure 
using a "black box" design of the type briefly described 
herein; error estimates are confined to the data derived 
by the latter method. Data are given for the three 
electrolytes used and the batch numbers of the particular 
electrodes are indicated. The measurements were made, as 
far as possible, when a steady state of excess enthalpy 
generation had been reached. However, this was not 
possible for some electrodes at the highest current 
densities used because the cells were frequently driven 
to the boiling point. The values given for these cases 
apply to the times just prior to the rapid increases in 
cell temperature (see section on Enthalpy Bursts) . 
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The values of the rates of excess" enthalpy 

generation listed in Table III-3 are lower li«^^. k 
K^vw 4-w ^, Auwer limits because 

both the „,ethod Of calculation and the neglect of the 
latent heat of evaporation lead to an underestimate of 
Q,. There is a further factor which leads to an 
additional underestimate of Q,: the dissolution of D in 
the electrodes is exothermic and consequently the slopinc 
base ixne causes a decrease in the solubility with time ' 
and therefore an absorption of heat. This factor is 
dxfficult to quantify since the deuterium content of the 
lattice will not be in equilibrium at any given cell 
temperature. We have therefore neglected all factors 
whxch would give small positive corrections to the 
derived values of the excess enthalpies. of the three 
corrections listed above, that due to the systematic 
underestimate of the heat output from the cell is most 
significant. 

Blan^ Experimentji 

Table III-4 lists the results of a variety of blank 
experiments: measurements with Pd electrodes in light 

water, with Pt-electrodes in liqht and ho,,„ 

.J -•aucA. ana 

measurements with 0.8 cm diameter Pd electrodes in heavy 
water. It can be seen that most of these experiments 
give small negative values for the excess enthalpy 
These negative values are expected for systems giving a 
thermal balance according to the electrolytic reaction 
(X) or the corresponding reaction for light water since 
both the method of calculation and the neglfect of the 
enthalpy output from the cell due to evaporation lead to 
an underestimate of the heat flows from the cells 
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Figures III-5A and B are examples of the 
tenperature-ti.e and the associated pote„tial-ti. , 
.n experiments uhich she- marked increases 1^ 
outputs While Figures III-.. " " 

^, . . ^""^ ^ 'he derived rat.. 

Of the specxf.c excess enthalpy release. Figures III ,! 
-d B g.ve the ti„e dependence of the total spe" ," 
excess enthalpies e„r the corresponding sect 
experr„ental data. . nu.her of important conclusi „s ■ 
follow from these time dependencies: in the first 
the rates of excess enthalpy generation i " ' 

With time; secondly, bursts in th!^ 

»ni.h,i oursts in the production of excess 

steady state enthalpy generation and these bursts occur 
at unpredictable tin.es and are of unpredictabl! h 
following such bursts the excess entLi ^""^xon; 
returns w excess enthalpy production 

returns to a baseline value which can k« k • u 
iust nrio^ ^ . ^ higher than that 

have r . -^tiation of the burst; thirdly ve 

hav found that cells are f.eguently driven to the 
bo.ling point, e.g., see Figure Ili-a. The rate t 
enthalpy production .ust beco.e extre^elv ^^T,!., 
tnese conditions since the dominant r^o.^ J^^^'^^^ 
- now the latent heat of Evaporation. it is no, 
possible, however, at this stage to .a.e a guant tative 
estx»ate of th. heat output since the cells and 
instrumentation are unsuitable to .a.e estimates under 
these conditions. it should also be noted tha^ . 
the cell potential initially decreases L c 
Situation for the bursts, there is u a ~ 
increase of the potential vith time whe L 1 .l^/^ ^" 
to the boiling point probably due to the lo^s^ 
electrolyte in spray leaving the cells. 



The attainment of boili 



enthalpy production 



ng nay be due to a burst in 



or to on increase in the baseline 
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""put. Because of a „ , • ' 
"pendents ,or. at leasV'"/' "'^=""«n„i„, 
"-"slty) When the boHi„ ' the current 

;-Pte<.. these cannl Tr;^ "--^^ .ee„ 

'Ws are as eoaj the a ««ons 
«other.ic under these conditio^""'"""" °' ° " » 
temperature „ust therefore he"::' of 
-crease of the che„lc.I potent! T""' ' 
■i^solved since chenic.T ""'-Ity) of 

"taWishea h, the reU "eir::""'"" — .e 
P-«ses. such conauions sho T""^'""^' «^««lon 
P"«nt stage of research since " '""'"'^^ " the 
-ontroZUhle ener„ .eiease! '^fr to 
the fact that rapid increases ^f T " ^= 

accompanied by marked i„orea '^"P^^ure are 

other aspec^r - .deration 

" — - the oiscussL:i:::~:- ^--^ 

DISCUSSION 

The results for tho 
^^^'e Xn-3. Show that '"'"^'"y generation, 

"ows can he obtained .yZClT'^ °^ ""t 

technique adopted, ^e reason for th""'^ "^ori.etric 
"e very i,,,, redundancy of th . ^"""-^ 

—urements ofVh,; /"^ = 
temperature-time profii, "ructured cell 

'our parameters ef the -b ZT "^^ -eter.ine 

parameter is determined separ.t "°"^^'."'e fifth 
voUa,e-time profile P,ot. "h" 

accuracy applies to the rindon, '"^"'"t about the 
emphasized a,ai„ ,hat the "e" f"" " 
' =i'"ematic undere=ti„ate wh 1 leads to 

corrected. however, readily te 
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These statements about the accur.o^. 
the Man. experiments. Table IlX.r ' '"'"^ 
caIori»et.ic technique adopted ;s sattrT 
-nces e.ct.o:.3.s ... J,,/ J^-^^^^^ 



2H2O - 2H2O + Oj 



(iv) 



'or a v.de range of co„d^t^o„s and systems xh. 

experiments on the 0., cn diameter Pd ele^rcde! • n 

regarded as the nost .significant J v 
with numerous other investi ^ 
carried out e«perime tl oT ro": T 
»ro excess enthalpy. Excess el , 

O.scm dia»eter eiecLodes\:s noTh ' °" 
a recently obtained hatch o electrL" '"^t'^^" "^'"-^ 
»ar.ed excess enthalpy generat.onT ™= 
those listed in Tahle xiX- l:," 
o. these hlan. experi„ents 

r!""°" --^ ^3 high ™ -T-- 

" = .actor Of apprcxi.ately five ,5, ' "" ' " 

t^e highest value reported pre^ou ..V";; 1'^"" 
to the highest value achieved in a comparable 
using Seebeck calorimetry""! "«"i9ation 
enthalpy Hsted in Table in-^ 

"1th the results contained in a „1! " " 

- comparable ex;er:irr- — 

It should be noted that hh^ 

i-nac the presen- 
view that the ••steadv-st;,^^.. support the 

to a process or processe „ ITT' 

^Uhougn this statemen dc : Z ''^"""^ 

^ uces not now /qo*>m i_ 

cut as that made on the basis of the r s.i ! T T 
the inventors' nrelinin, '^esuit^ contained in 

a preiininarv cublifTH^ i 

• P"°^iC3tion. * The data 
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presented here show 1„ " 
«cess enthalpy production inclT °' 
^-=ity. ri,„„ (the rat — ' 

on the order 30 .uch so t",; tt " 
appearance of a threshold . '"^ 

".her precision a °^ 

"o-ver. to decide whethe h L TT" 
"hat the threshold current densitv " 
" the highest current densities there'"""" 
systematic difference between th ! " "° ««ernible 
batches Of eiectroaes and 0 0^':!^ '"^ 
experiments. The scatter in " these 

-11 at these hi,h curren de„:i::::?t'^ 

becomes large at low to i„». 'his scatter 

wen he that th.s catted 
the electrode material a„d/o" solut o" 
-uld also he that the f„,acity of th """'"""^ ^« 
lattice is more sensitive to the ■'^"""ns in the 

■conditions for measure. . ^"^"^^ 
measurements at low tn i„i 
current densities Th. ^ ^n'^rnediate 

generation f or o 8 cm h • ^"""^^ enthalpy 

»"ch 1 certaini;p::„::\:- =:--es 

».etallurgical history of th. the 

" is noted that most inv stioTt'""" ■'"--ining 

have used relatively "° <iate 

-a. wen account f" """"^^ ^-^ 

"SOUS, rurthermore the caio ^""^'"^^ « the 

-thods Of data evaluation : :;::r:r„r"— 

investigations would not allow the a" ' °' 

Of low values of the excess enthalpy ""^ -asurement 

Statements as ho t-K^ 
olearly arhitrar" s :cn::r? " — 
« any particular experiment 

-o-3es Of -.o,„ c.-i have now been car /'^'"' 
total specific excess enthalpies in th 

Pies in the enthalpy bursts 



^■re perhaps better defined quantities--ir;K • 

figures lli-eB. Ili-,B and III-8B :e tHe 

largest burst observed to date and t is of ! '"^ 

the total enthalpies in the bursts are al T 

values Which can be attributed to anv ch """^ 

rurthennore. for these bursts tL 

production are up to i, tILs , w ' °' """^'^^ 

<-o i./ times (plateau levels* >.« 
times (peak values) the total Pn^K , ^^^^^s) and 40 

«ns. .s pointed .ut^t.::: ~ 

enC;\etr\:ir:e\?^^^^^^^^^^^^^ ^ ^ ^ ^ 

values Of Table II1-3. 
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CLAIHS; 

- *n .pp3.«„3 .o. ,e„e.«,„, ^^^^^^^^^ 

a lattice =t.uctu„ „p,Me « „„.,i„i„, 
-otopic hydrogen ,„a cataly.m, nuclear 
reactions invoivin, sai. i^ctopic .ya„,en. an. 

(t)) means for utiii-y-i^^ 

utxlizmg a product of said nuclear 

reactions. 



- apparatus as claimed in cUi» 

-ns .or utiU^in. includes ^eans .r conducting .eat 

generated by said nuclear reactions. 



3- The apparatus as claimed in claim , 

Claim I or claim 2 
wherein said means for utili7in^ • , 

, . "tilizang includes means for 

collimating neutrons from said nuclear >-e..^ • 

•uciear reactions into a 
neutron beam. ^ 



- apparatus as clai^ea in an. <,e cXai.s 1 to , 

--in sai. „eans .or utiu.in, inciuaes „ea„s .0/ ' 
,.neratin, electricity ,ro. sai. nuclear reactions 
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= . The ,pp„«„, ^^^^^ ^ ^ 

-herein s,ia X.ttice structure U pe^.M. t. said ' ' 
isotcp,. H..ro,e„. ^aia apparatus i„cZu.es ... 
.ccu.uutl„, said isotoplc .yarc,en int. said lattice 

Structure. 



An apparatus for generating energy, comprising: 

(a) a lattice structure capable of accumulating 
isotopic hydrogen; and 



(b) means for accumulating said isotopic hydrogen 
to a sufficient concentration in said lattice 
structure to induce energy generation. 



7. The apparatus as claimed in any of claims 1 to s 
Wherein said lattice structure is crystalline. 



8. The apparatus as claimed i„ ,ny of claims i to 7 



wherein said lattice structure i 



s metallic. 



mmm mi 



^PP^^^^-- a. Claimed m anv 

therein said latti. . °' ''^^^"^ 

lattice structure is 
IVA metal or ^ group vin 

an alloy thereof 



apparatus as claim.^ • 

an alloy thereof. 

^^'^^^^^^ - -lai.ed in any of el 
^^erein 3aid lattice structure is ' '° 

rutheniu™, titanium ^i^oon- ^^odiun,, 

' ' or an alloy thereof. 



^2. The apparatus a? r^i,.-. , . 

"ire is fernaonic 



metal, 



--n, a ..,auv.:, ,1 ^ ^ »«.r.a, 

^ iow capability of . 
isotcpic hydrogen. ^^^""-ulating 
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14. The apparatus as claimed in any of claim 1 to 13, 
wherein said lattice structure includes radioisotopic 
atoms. 



15. The apparatus as claimed in any of claims 1 to 14, 
wherein said lattice structure includes radioisotopic 
atoms selected from the group consisting of *°Co, '°Sr, 
^"ru, ^"cs, ^*'Pm, "°Tm, =^l°Po, "»Pu, ^*^Cm, or ^^^Cn. 



16. The apparatus as claimed in any of claims l to 15, 
wherein said lattice structure includes atoms which emit 
high-energy rays or particles upon exposure to neutrons. 



17. The apparatus as claimed in any of claims i to 16, 
wherein said lattice structure includes boron, berylliu 
or carbon-14 (^*C) . 

18. ThG app.iratus as claimed in any of clains i to 17, 
further conprisinq means for exciting said lattice 
structure with high-energy rays or particles. 
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apparatus as claim.H • 

cxaimed xn anv of • 

further con,n..„.__ ^ °^ i to is. 



--prism, an isotopie hy.rogen 



source. 



20- The apparatus as <:iai„,H • 

-o-p.c .,ar»,e„ l„clua« .eutewu„. 



'"'^ ^PP^ratus as clai„ed 1„ 



hydr<,,en includes tritium. 

Waratus as claimed in any of , ■ 

apparatus .urtner i„.,„,.. / 
^-topic .,dro,e„ .ro„ said source " 
l«tice structure. -cumulate i„ said 



™« =PP«atus as Claimed in ciai„ , 
"uid is an electrolyte a„, ' 

Charge-generating source tor' . 
"--posing said electrolyte into ■ ' ''''''"'' ''"^^V 
^-.ulated into said l.tt^ """^^ 
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24. The apparatus as claimed in claim 23 wherein said 
lattice structure is an electrical conductor and is 
connected to said charge-generating source to be the 
cathode during said electrolytically decomposing of said 
electrolyte. 



25. The apparatus as claimed in claim 23 or 24, vher 
said electrolyte is an aqueous solution comprising at 
least one water-miscible isotopic hydrogen solvent 
component. 



26. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is deuterated vater 



27. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is ordinary water. 

28. The apparatus as clai.-Tied in any of cla'ins 23 to 27 
wherein said electrolyte includes lithium. 

apparatus as claimed in claim 19, wherein said 
hydrogen source is at least one fused netal 



29. The 
isotopic 
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"°-Pic .,..^,„ J promote „ 

"•■"cture. ^^"'"^ the lattice 

p=na«„„;; - 

-Ixtures thereof. ' deuteride or 



^"^ apparatus as cui.e. 

-ans for heatin, is a hi k " 

"P="e Of heatin, saia fu ' -urce 

"iO lsoto„,-. .... -'^•'^lae to tra.-,.fer 

--- ..,urogen atoms to sain , ---ler 

"an ahout one «-cture i„ 



* """od Of reacti, 



steps Of: ""^ ^ -^^P.en oo™prisi„, 

-°-P^= ^y.ro,e„ and cata,,.es 

—.said J" """^ 

'-«op.c hydrogen, and 
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he 
of 



(b) using products of said nuclear 



reactions. 



33. The method as claimed in claim 32, wherein said step 
Of using includes directing neutrons from said nuclear 
reactions to a target area. 



34. The method as claimed in claim 32 or 33, wherein 
said step of using includes generating electricity frcr, 
said nuclear reactions. 



35. The method as claimed in any of claims 32 to 34, 
wherein said step of forming includes' the step of 

subjecting the lattice structure to , 

isotopic hydrogen to cause the isotopic hydrogen to 
permeate into the lattice structure to achieve a 
concentration therein sufficient to induce said nuclear 
reactions. 



36 



A method Of generating heat, comprising the stops 
of: 



SUBSTITUTE SHEET 



-86- 



s„.je=u„, a source oe isotopic hyaro,e„ to , 
lattice structure capaMe of absorMn, isotcpic 
hydrogen; and 



(b) causing isotopic hydrogen to n^^ . • 

/ iogen to perneate into the 

lattice structure to aehi««« 

° achieve a concentration 

therein sufficient to induce tho 

inauce the generation of 

heat. 



The „ethca as claimed in any of claims ,a to 3. 
further co„prisi„, t.e step of convertin, Heat ^ener^e. 
m said lattice to work. 



3a. The „ethoa as clai^ea in any of clains 3. to 37 
-herein saia lattice structure is paxiadiun, iron, ' 

cobalt. nicVoi • 

• "rconiu„, hafnium, 

or an alloy thereof. 



3S. The method as claimed in any of ciai»s 33 ^o 3s 
Wherein saia lattice structure includes radioisotopi: 
atoms. 
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«. The .ethod as claimed in any ot claims 3J to 39 
-..rein saia lattice structure includes at.„s „nich i.i 
hi,h-ener^ rays or particles upon exposure to neutrons 



41. The method as claimed in any of claims 3J to 40 
further comprising the step of excltin, said lattice 
structure with high-energy rays or particles. 



42. The method as claimed in any of clains 3. to .i. 



"herein said isotopic hydrogen includ 



es deuterium. 



43. The method as claimed in any of claims 32 to 42, 



Wherein said isotopic hydrogen includes tritiu 



un. 



44. The method as claimed in any of claims 35 to .3 
-herein said isotopic hydrogen source is an electrolyte 
»nd said method further includes the steo of 
.lectrolytically decomposing said electrolyte to for, the 
.sotopic hydrogen which permeates into the lattice 
Structure. 
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45. The method as claimed in 4. k • 

, . "-.c^-a-ij 44, wherein said 

h r ^ " "^""^"^^ - 

cathode durin, said e.ec.roi,.iean. decomposing. 



46. The method as claimed in claim 4. 

^ 44 or 45, Wherein 

said electrolyte is an aqueous solution 
. ^ M us solution comprisina at 

least one water-mi <;fiKi- • 

'nxscible xsotopic hydrogen solvent 

component. 



48. The method as riaiTT>«^ • 

clainsd in Claim 46, wherein sa^d 
isotopic hydrogen solvenr ^ 

9 solvent component is ordinary water. 



--in said isotopic hydrogen source is at least on! 

:7"^^' ^--^ =<=«.Prises the .e : 

-atin, the hydride to promote migration o. i.„.cp.' 

hydride into the lat--ir-« ^ 

lattice structure. 
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50. The method as claimed in claim 49' 
• '"^ "'P Of heatin, includes the step of 

applying a pulse of power to heat said fused metal 
hydride to transfer said isotoplc hydrogen to said 
lattice structure in less than about one microsecond. 
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BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the appHcant. 

Defects in the images include but are not limited to the items checked: 

JD BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

^ BLURRED OR ILLEGIBLE TEXT OR DRAWING 
d SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem MaUbox. 



